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GENERAL INTRODUCTION 
Function and Development of the Maize Root 
Plants are multicellular organisms composed of distinct tissues and organs. The root 
is a specialized organ that functions mainly in anchorage, absorption, and transport of water 
and nutrients. It was estimated that the surface area of the fibrous root system of a four-
month old rye plant (Secale cereale L.) was 639 square meters, or 130 times the surface area 
of the shoot system (Raven et al., 1992). The root system of maize (Zea mays L.) often 
reaches a depth of about 1.5 meters, with a lateral spread of about a meter on all sides of the 
plant (Raven et al., 1992). Thus, the structure of the root facilitates its function. The root 
also produces plant hormones such as cytokinins, gibberellins (Raven et al., 1992), and 
abscisic acid (Lachno and Baker, 1986), and sometimes serves as a storage organ. 
Root development differs in certain features from that of aerial shoots. The root 
apical meristem is covered by a root cap making it sub terminal rather than terminal, and the 
root apical meristem does not produce lateral appendages as does the shoot apical meristem 
(Steeves and Sussex, 1989). Secondary roots initiate in the pericycle and penetrate the 
endodermis, which is the inner most layer of the cortex, and then through the remainder of 
the cortex and epidermis. 
The endodermis functions as a barrier between the cortex and the vascular cylinder of 
the root. The endodermis is characterized by the presence of a Casparian strip. The 
Casparian strip is a band-like region of the primary cell wall that is impregnated with suberin 
and sometimes lignified (Raven et al., 1992). The endodermal cells are compactly arranged 
and their protoplasts are attached to the Casparian strip, thus, the plasma membrane of the 
endodermis mediates the transport of dissolved substances between the cortex and vascular 
tissues (Raven et al., 1992). In some plant species, including maize, an exodermis with a 
2 
Casparian strip is also formed in more mature regions of the root. The exodermis is located 
immediately internal to the epidermis; eventually the epidermis sloughs away and the 
exodermis functions as the barrier between the roots and the soil (Raven et al., 1992). 
Organ-Preferential mRNA Accumulation 
Plant development and function is coordinately regulated through precise control of 
gene expression. The available evidence suggests that there are unique and overlapping sets 
of mRNAs among different plant organs (Kamalay and Goldberg, 1980; Kamalay and 
Goldberg, 1984). For the most part it is thought that a given population of mRNAs provides 
a template that is instrumental in determining the form and function of each cell in the plant 
body, however, if translational or post-translational regulation is important, this may not 
always be the case (Hensgens et al., 1992). The study of tissue- and cell-type preferential 
mRNA accumulation is a means to elucidate the genetic and molecular basis of plant 
development and function. Messenger RNA accumulation can be regulated at the 
transcriptional, and/or post-transcriptional levels. 
Classical Examples of Transcriptional Regulation 
The study conducted by Jacob and Monod (1961) on the lactose (lac ) operon in the 
bacteria Escherichia coli is a classical example of regulation at the transcriptional level. The 
lac operon encodes three functional genes that are transcribed into one mRNA molecule 
termed a polycistronic mRNA. The genes are involved in the metabolism of lactose, and are 
in a linear arrangement in close proximity to each other. The first gene encodes P-
galactosidase, an enzyme that hydrolyzes lactose into glucose and galactose. Upstream of the 
P-galactosidase gene are the operator and promoter sites that regulate transcription. 
Normally, glucose is the carbon source for bacterial growth rather than lactose. Under this 
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condition a separate regulatory gene produces a repressor protein that binds to the DNA in 
the operator region and prevents RNA polymerase from binding to the promoter and 
transcribing the P-galactosidase gene. When lactose is present, it binds to the repressor, 
which inhibits the repressor from binding to the operator, thus, allowing RNA polymerase to 
transcribe the genes. 
Another classical example of transcriptional regulation occurs in the simple 
eucaryote, bread yeast (Saccharomyces cerevisiae), and involves the GAL genes (Ptashne, 
1988). The GAL genes encode proteins that degrade the sugar galactose. Regulation of the 
GAL genes is mediated in part by the protein GAL4. GAL4 has two domains, one binds to 
the DNA at about 250 bp upstream of the first GAL gene, and the other activates transcription 
presumably by interacting with another protein or RNA polymerase itself. GAL4 activation 
is controlled by another protein GAL 80. If the cell lacks galactose, GAL 80 binds to the 
GAL4 protein causing the GAL 4 protein to lose its ability to activate transcription. When 
galactose is present it releases GAL 80 from inhibiting GAL4 activation. 
The binding and activating domains of GAL4 have been well-characterized. The 
DNA sequence it binds to is 17 bp long and has a two-fold symmetry. This suggests that the 
GAL4 protein binds as a dimer. There are four repeats of this sequence, but only one is 
required for GAL4 binding, however, activation is not as strong when only one binding site is 
present. Apparently GAL4 binds the DNA via protruding sequences (fingers) of amino acids 
anchored by zinc, usually termed a zinc finger. The activating region of GAL4 contains a 
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large excess of negatively charged amino acids, which has proven to be common among 
other transcriptional activators. Experiments involved in characterizing GAL4 revealed that 
the binding and activating domains could be distinguished and separated. When the protein 
sequence of a DNA binding region from a bacterial repressor was fused to the GAL4 
activating region, the hybrid protein did not activate transcription of the GAL gene, but when 
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the DNA sequence that the bacterial repressor binds was placed upstream of the GAL gene, 
the hybrid protein activated the gene. Further experiments revealed that the activating region 
of GAL4 increased transcription in cells of mammals, fruit flies, and tobacco cells. In these 
experiments the GAL4 gene was introduced into a foreign cell and the DNA site that binds 
GAL4 was inserted upstream of a native gene. In each case transcription of the native gene 
was increased. 
Some general conclusions can be drawn from these classical examples of 
transcriptional regulation. One is that there are discrete DNA sequences that specifically 
regulate transcription. These regulatory sequences are usually just upstream of the gene and 
are termed cis-elements. A second is that the DNA regulatory sequences mediate control of 
transcription by interacting with proteins. These proteins can be encoded by a gene on 
another chromosome, and therefore are called trans-acting factors. 
Complexity of Transcriptional Regulation in Eucaryotes 
Regulation of transcription is more complex in eucaryotes than in procaryotes for 
several reasons: 1) eucaryotic DNA is associated with histone proteins which form 
nucleosome units that are compactiy arranged to form chromatin; 2) eucaryotic mRNA is 
monocistronic, thus, production of each mRNA requires its own regulatory sequences; and 3) 
eucaryotic transcription appears to involve more complex trans-acting factor interactions. 
The chromatin structure presents a hindrance for the process of transcription. Evidence in 
vitro suggest that the yeast GAL4 DNA binding protein competes with histones for DNA 
binding sites (Workman and Kingston, 1992). It is thought that nucleosome structure is 
destabilized by GAL4 binding allowing RNA polymerase and accessory factors to carry out 
transcription. Other alterations in DNA structure such as the formation of non-B-DNA 
structures, and the methylation of DNA are involved in regulating transcription. 
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Observations by Wells et al, (1988) suggests that stretches of CT repeats can assume triple 
helical or H-DNA structures that could alter chromatin structure. Other evidence suggests 
that site-specific triple-helix formation represses the Adhl promoter (Lu and Feri, 1992). 
Numerous reports of plant DNA being differentially methylated are available. The 
most common target of methylation is the nucleotide cytosine. In Arabidopsis plants 
transformed with T-DNA vectors, methylation of DNA inactivates the expression of the 
transgene in the successive generations (Kilby et al., 1992). Tobacco plants with multiple 
insertions and low expression also tended to have increased methylation of the integrated T-
DNA (Hobbs et al., 1990). Methylation has been shown to inhibit binding of several 
sequence specific DNA-binding proteins (Inamdar et al., 1991). Methylation appears to be 
dependent on DNA structure, sequence, and the location of genes within the genome. The 
available evidence suggests that methylases and/or methyltransferases are responsible for 
methylating plant DNA (Hepburn et al., 1987). However, it should be noted that methylation 
of DNA is not universal among all eucaryotes. Drosophila DNA is not methylated (Stryer, 
1988). 
Because eucaryotic genes are typically monocistronic, each has its own set of 
sequences (promoter) that regulate transcription. Three features are typical of eucaryotic 
promoters: 1) the transcriptional start site (position +1); 2) the TATA box located 20-30 bp 
upstream of the start site (position -20 to -30); and 3) a CAAT box at position -75. The 
TATA box directs RNA polymerase II to the start site, which is usually an adenine 
nucleotide flanked by pyrimidines (Joshi, 1987). Plant genes frequentiy do not possess the 
CAAT box, but in cereal promoters, a CATC box located at position -90 may serve as the 
substitute for the CAAT box (Kries et al., 1986). In addition to being monocistronic, a 
greater number of cis-acting elements appear to regulate transcription of eucaryotic 
promoters than procaryotic promoters (Stryer, 1988). 
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As mentioned earlier, the promoter is defined as the region of DNA that RNA 
polymerase binds to. However, this definition is often somewhat expanded to include other 
upstream cis-acting elements that regulate transcription. Thus, a promoter region can be 1 kb 
or greater, and is thought to be modular because it contains discrete regulatory sequences that 
act in a synergistic fashion to regulate transcription. The cauliflower mosaic virus (CaMV) 
35S promoter, which is highly active in both the root and shoot organs, exemplifies the 
modular nature of promoters recognized in plants (Benfey et al., 1989; Benfey and Chua, 
1990). Benfey and Chua (1990) observed that the -90 to +8 region of the promoter directed 
transcription mainly to the root, and the -343 to -90 region to the shoot organs. Elements 
from separate promoters have been combined to produce chimeric promoters with unique 
properties (Comai et al., 1990; Rieping and Schoffl, 1992). It is not unusual to find several 
upstream elements that act synergistically to regulate transcription, as is the case with the 
promoter of the small subunit of ribulose-1,5-bisphosphate carboxylase (rbcS) (Kuhlemeier 
et al., 1988), the nopaline synthase gene (Mitra and An, 1989), and the phenylalanine 
ammonia-lyase gene (Leyva et al., 1992) to name a few examples in plants. 
A subset of cis-acting elements that stimulate transcription have been termed 
enhancers. Enhancers, by definition, enhance transcription when present in either orientation 
and their activity is not strictiy dependent on their position relative to the promoter. The 
usual way of testing if a sequence is an enhancer is by fusing, it in either orientation, to a 
minimal promoter and observing the affect on transcription. Enhancer elements can be a 
long distance from the transcription start site (up to 10 kb), and either 5' or 3' of the start site, 
however, they usually activate the nearest promoter. Experiments performed in vitro suggest 
that long range activation of transcription is dependent on chromatin structure. It is thought 
that the chromatin structure results in a secondary DNA structure that brings the enhancer 
element closer to the transcription start site allowing it to interact with RNA polymerase n 
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(Layboum and Kadonaga, 1992). Endogenous plant enhancers have been found to have an 
effect on introduced trangenes (Beilmann et al., 1992). Many examples of enhancer-like 
elements have been isolated from plants (Timko et al., 1985;Chen et al., 1986; Walker et al., 
1987; Stockhaus et al., 1989; Benfey et al., 1990; Bruce et al., 1990; Olive et al., 1990; 
Thomas and Flavell, 1990; Jorgensen et al., 1991; Luan and Bogorad, 1992). These enhancer 
elements can be tissue-specific or inducible. Duplication of regulatory sequences can 
increase the strength of an enhancer (Kay et al., 1987). To date, little effort has been made to 
identify long range enhancer elements in plants, most enhancer-like elements studied are 
relatively close to the transcription start point. 
Other enhancer-like elements, usually termed upstream activating sequences, are 
dependent on their position relative to the promoter. The spacing between the GT-1 binding 
sites within the light-responsive element (LRE) of the pea rbcS promoter is critical for 
transcriptional activity (Gilmartin and Nam-Hai Chua, 1990). Another well-characterized 
upstream activator sequence is the octopine synthase {ocs) element present in the upstream 
region of the promoter of Agrobacterium tum^aciens T-DNA. This element is a 16 bp 
palindrome sequence and its affect on transcription is dependent on the surrounding bases 
(Kononowicz et al., 1992). However, earlier work done on this element suggested that it was 
an enhancer (Ellis et al., 1987). Often it is not entirely clear if a given element is an enhancer 
or an upstream activator because frequentiy not all of the necessary experiments have been 
performed. 
At the present time, not many cis-acting repressor elements have been identified in 
plants (Bruce et al., 1991; Haaren and van Houck, 1991). Stretches of AT-rich sequences 
have been implicated in playing either a positive (Timko et al., 1985; Forde et al., 1990; Lam 
et al., 1990; Bustos et al., 1991) or negative role (Castresana et al., 1988; Datta and 
Cashmore, 1989) in plant gene transcription. 
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Once functional cis-acting elements are delineated, a search for trans-acting factors 
that bind to it usually follows. Cis-acting elements that affect transcription do not always 
contain a protein binding site (Goupil et al., 1992), and the opposite may be true too, factors 
that bind to DNA may not be involved with regulating transcription. Therefore, in order to 
conclude that a factor is involved with regulating transcription, the cis-acting element it binds 
to must be shown to regulate transcription. 
An example of a transcriptional factor, or trans-acting factor, has been mentioned 
earlier, the GAL4 protein. The majority of trans-acting factors have been identified by gel-
shift assays. In the assay a segment of DNA is incubated with a nuclear protein extract. If a 
protein or proteins bind to the DNA fragment it will form a complex that will migrate slower 
in a gel than the DNA fragment alone. The number of identified plant DNA-binding factors 
is quickly growing (Allen et al., 1989; Hatsopoulos et al., 1990; Lam et al., 1990; Lessard et 
al., 1991; Meakin and Gatehouse, 1991; Nantel et al., 1991; So and Larkins, 1991; Granell et 
al., 1992; Ishiguro and Nakamura, 1992; Yanagisawa and Izui, 1992). Factors that bind to 
AT-rich sequences within a promoter have been identified by gel-shift assays (Cushman and 
Bohnert, 1992). A definite role for proteins that bind to AT-rich sequences is unclear. 
Several plant trans-acting factors have been isolated and cloned. Not surprisingly, 
some of these factors share sequence homology with DNA binding domains from animal 
trans-acting factors (Vollbrecht et al., 1991; Katagiri et al., 1989; Takatsuji et al., 1992). In 
addition, it has been shown that nuclear trans-acting factors that contain leucine zipper motifs 
that can bind other proteins with the same motif, can recognize diverse promoter elements 
with a similar core sequence (Armstrong et al., 1992). Trans-acting factors that bind to the 
GT-motif of the LRE have been cloned (Dehesh et al., 1990; Peristic and Lam, 1992), and a 
factor that binds to the Ocs element (Singh et al., 1990). The transcriptional activators R and 
CI that regulate anthocyanin synthesis in maize have been cloned (Paz-Ares, 1987; Ludwig, 
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1989), and introduced into tobacco and Arabidopsis plants (Lloyd et al., 1992) where they 
activated anthocyanin production. From the available data several conclusions can be made 
about trans-acting factors: They contain a DNA binding domain, and they either have a 
transcriptional activating domain or a domain that can bind to another protein. 
To further complicate gene expression, trans-acting factors that regulate transcription 
are themselves regulated resulting in a cascade of regulation culminating in a phenotype. 
Usually the factors themselves display similar expression patterns to the genes they regulate. 
Although this discussion has been about direct regulation of transcription, translational and 
post-translational mechanisms can indirectiy regulate transcription. For instance, evidence 
suggests that phosphorylation of plant nuclear factors may be involved in regulating tissue-
specific expression (Suzuki and Verma, 1989). Furthermore, interaction among the nucleus, 
plastids, and mitochondria adds additional complexity. 
Analysis of Transcription in Plants 
The accepted way of measuring transcription is by in vitro nuclear run-on 
transcription assays with isolated nuclei. Nuclear run-on transcription assays provide a 
"snap-shot" of transcription at the time the nuclei are isolated. Plant nuclei are isolated and 
kept cold so that transcription does not proceed. A radiolabeled nucleotide, along with the 
other necessary nonlabeled nucleotides, are then added and incubated at a warmer 
temperature with the sample of nuclei. Transcription occurs on DNA templates that were 
associated with RNA polymerase molecules at the time of nuclei isolation, thus, the 
radiolabeled nucleotide gets incorporated into newly synthesized RNAs. Once transcription 
is completed, the RNA polymerase falls off the template and apparently does not reassociate 
with the DNA template. Next, the RNA is isolated from the nuclei, and used to probe an 
excess of a particular cDNA clone immobilized on a nylon filter. The result is a relative 
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measurement of transcription. For instance, if the analysis is being done on a clone that is 
transcriptionally up-regulated by light, comparisons of transcription would be made between 
nuclei isolated from plants grown under light or dark conditions. 
To determine what cis-acting elements are responsible for transcription, the 
regulatory sequences are fused to a reporter gene and introduced into the plant either by 
stable transformation or transient transformation procedures. The assumption is that the 
reporter gene activity is a measurement of transcription. However, unless nuclei run-on 
experiments have indicated transcriptional regulation, this assumption may be wrong. For an 
example, a promoter region from a gene that is up-regulated by light (including the 5' 
untranslated region) fused to a reporter gene may display increase in activity when in light 
conditions verses dark. However, it is possible that the promoter is driving transcription at 
the same rate in both light and dark conditions, but the mRNA is destabilized in the dark by a 
destabilizing element located in the 5' untranslated region. It is more credible to say that a 
specific element is responsible for transcription based on reporter-gene-fiision experiments if 
previous nuclear run-off assays indicate transcriptional regulation of the gene. 
The reporter gene fusion system most widely used in plants is the GUS ((3-
glucuronidase) gene fusion system (Jefferson et al., 1987; Jefferson, 1987). There are two 
general types of gene fusion constructions: 1) a translational fusion; and 2) a transcriptional 
fusion. Translational fusions consist of the 5' promoter region including the translational 
start codon fused in frame with the reporter gene. Transcriptional fusions are similar, but all 
the protein coding sequences are derived from the reporter gene. Several criteria are 
necessary for a good reporter gene: 1) the enzyme activity should not be present in the 
organism being studied; 2) the protein should be stable; and 3) the protein activity should be 
easily measurable. The ^-glucuronidase gene was isolated from bacteria. It cleaves a wide 
variety of beta-glucuronides, many of which are available commercially as 
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spectrophotometric, flourometric, and histochemical substrates. The GUS fusion system 
provides sensitive quantification, and histochemical analysis of GUS activity in plant tissues. 
The almost routine Agrobacterium -mediated transformation of tobacco and other 
dicot plants has allowed the analysis of cis-acting elements in dicot plant systems. Although 
there are examples of monocot promoters that function in a proper fashion in dicots (Lamppa 
et al., 1985; Marcotte et al., 1989; Robert et al., 1989; Matsuoka and Sanada, 1991; Luan and 
Bogorad, 1992), others do not (Keith and Chua, 1986; Bruce et al., 1989). In addition, the 
rbcS dicot promoter does not appear to function correctly in monocots (Schaffner and Sheen, 
1991). Because monocots have proven to be recalcitrant to Agrobacterium -mediated 
transformation, other means of transformation have been sought. Maize has been stably 
transformed via particle bombardment of embryonic cell cultures (Gordan-Kamm et al., 
1990). Particle-bombardment mediated transient transformations of intact plant tissues have 
been developed to analyze oat phytochrome promoter elements (Bruce et al., 1989), and rice 
chlorophyll a/b binding (cab) promoter elements (Luan and Bogorad, 1992). 
The transient expression assays are more rapid than stable transformation 
experiments, however, localization of activity to specific tissues is not possible with the 
transient expression system. In the analysis of the rice cab promoter (Luan and Bogorad, 
1992), tobacco plants were stably transformed with different deletions of the rice promoter 
fused to GUS, and tobacco leaves were transiently transformed via particle bombardment 
with the same constructs. The stable transformants were analyzed by quantification of GUS 
enzyme activity, and the transiently transformed leaves were analyzed by counting the 
number of blue spots that appeared after incubation with a histochemical GUS substrate. 
Both types of transformation and quantification methods revealed similar results. This 
experiment supported the reliability of both the transient transformation of intact plant 
tissues, and the simple counting of spots to accurately evaluate promoter cis-acting elements. 
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Post-Transcriptional Regulation of mRNA Abundance 
In addition to transcription, post-transcriptional regulation of mRNA abundance 
influences mRNA steady state levels, thus, it is an important step in gene expression. In the 
case of nuclear-encoded genes, post-transcriptional regulation occurs in the nucleus or 
cytoplasm. Post-transcriptional regulation of mRNA abundance can occur in the nucleus 
during 5' capping, intron splicing, and transport out of the nucleus. In the cytoplasm, free 
mRNAs, or mRNAs associated with the translational machinery can be degraded. The 
available evidence suggests that mRNAs have an " intrinsic" half-life, which can be regulated 
by "extrinsic" pathways (Peltz, et al., 1991). Both "intrinsic" and "extrinsic" determinants of 
mRNA stability are important in gene regulation. It appears that all regions of an mRNA, 
from the 5' cap to the poly (A)+ tail, are involved in regulating mRNA stability (Peltz, et al., 
1991). 
Most of what is known about mRNA stability has come from animal systems (Peltz, 
et al., 1991). However, there is a growing number of reports focused on mRNA stability in 
plants. The half-life of the mRNA encoding the type I phytochrome protein has been 
estimated to be about 1 h in both light and dark conditions (Seeley et al., 1992). Stability of 
mRNA appears to be involved in light regulation of ferredoxin and rbcS mRNA abundance 
(Elliott et al., 1989; Shirley and Meagher, 1990; Fritz et al., 1991; Thompson et al., 1992). 
Unstable RNA transcripts are responsible for low expression of insecticidal crystal protein 
genes of Bacillus thuringiensis in plants (Murray et al., 1991). Different 3' RNA end regions 
have been shown to influence the level of plant gene expression (Ingelbrecht et al., 1989). 
Evidence suggests that the premature translational stop caused by a frameshift mutation leads 
to a faster breakdown of the Pdlecl mRNA that encodes one of the proteins of the lectin 
phytohemagglutinin in the common bean (Voelker et al., 1990). In chloroplasts, differential 
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mRNA stability regulates mRNA levels, and involves interaction with factors encoded by 
nuclear-encoded genes (Sieburth et al., 1991; Stem et al., 1991). Although recent research 
has focused more attention on models of post-transcriptional regulation, much more is known 
about transcriptional regulation in both animal and plant systems. 
Root-Preferential Gene Expression 
Several cDNA clones representing mRNAs that accumulate in a root-preferential 
manner have been cloned. Some of these mRNAs encode for proteins whose function, at 
least in part, is known. A cell wall hydroxyproline-rich glycoprotein is involved in the 
initiation of lateral roots of tobacco (Keller and Lamb, 1989). It is thought that the protein 
has a specialized structural function, possibly in the mechanical penetration of the cortex and 
epidermis of the main root A root-tip specific barley lectin has been identified (Lemer and 
Raikhel, 1989). Lectins are a class of plant proteins that bind to specific carbohydrates. The 
biological significance of a root-tip specific lectin is unclear. A tandem of «-tubulin genes 
have been shown to be preferentially expressed in the roots of com (Montoliu et al., 1989). It 
appears that they are members of a tubulin multi-gene family, which are expressed in a root-
preferential manner. Hemoglobin (leghemoglobin) genes involved in nitrogen fixation are 
expressed solely in the nodules of soybean roots (Marker et al., 1984). Northern blot analysis 
suggests that an mRNA encoding a caffeic acid 0-methyltransferase (COMT) involved in 
lignin biosynthesis accumulates preferentially in com roots (Collazo et al., 1992). An mRNA 
(ZRP3) in com that encodes a protein whose function is unknown accumulates largely in the 
cortical ground meristem of the root (John et al., 1992). A homolog (AX92) from Brassica 
napus accumulated in a similar fashion (Dietrich et al., 1989), and another homolog 
(DC2.15) in carrot was expressed during somatic embryogenesis (Aleith and Richter, 1990). 
In addition to investigating the function of root preferentially expressed genes, how the root-
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preferential mRNA accumulation is regulated has been the focus of investigations (Stougaard 
et al., 1987; Jensen et al., 1988; Keller and Lamb, 1989; Bogusz et al., 1990; Conkling et al., 
1990; Yamamoto et al., 1991; Zaal et al., 1991; Dietrich et al., 1992). 
To begin the investigation of the molecular mechanisms of root development and 
function, we isolated three cDNA clones that corresponded to mRNAs that accumulated 
preferentially in the roots of maize (John, 1991; John et al, 1992). This report documents the 
characterization of one of these cDNA clones, and an analysis of the transcriptional control 
for another. 
Format of the Dissertation 
This dissertation is presented in two parts or PAPERs. PAPERs I and II are preceded 
with a GENERAL INTRODUCTION, and foUowed with a GENERAL SUMMARY, 
LITERATURE CITED, ACKNOWLEDGMENTS, and APPENDIX I and H sections. Each 
PAPER has its own ABSTRACT, INTRODUCTION, MATERIALS AND METHODS, 
RESULTS, and DISCUSSION sections. 
PAPER I describes the characterization of a root-preferential cDNA clone from 
maize. It appears basically in the form that was accepted for publication in Plant Physiology, 
except for the omission of the in situ analysis of the mRNA accumulation within the root. 
The results of the in situ analysis are described and referenced in the RESULTS, and 
considered in the ABSTRACT and DISCUSSION, but the data are not shown in the 
RESULTS or described in the MATERIAL and METHODS because Huiqing Wang 
performed the in situ hybridizations. 
PAPER II describes the analysis of the transcriptional control of another root-
preferential gene. This research has not yet been submitted for publication. PAPER I and 
PAPER II are related in that the mRNA encoded by both genes accumulate preferentially in 
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the root, however, these genes are distinct from each other, and the research reported focuses 
on different aspects of their characterization. 
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PAPER I 
AN mRNA PUTATIVELY CODING FOR AN 0-METHYLTRANSFERASE 
ACCUMULATES PREFERENTIALLY IN MAIZE ROOTS AND IS LOCATED 
PREDOMINATELY IN THE REGION OF THE ENDODERMIS 
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ABSTRACT 
ZRP4, a 1.4 kb mRNA that preferentially accumulates in roots of young Zea mays L. 
plants, was identified by isolation of the corresponding cDNA clone. Genomic Southern 
analysis indicates that the zrp4 gene is represented once in the com genome. The deduced 
ZRP4 polypeptide of 39,558 daltons is rich in leucine, serine, and alanine. Comparison of 
the deduced ZRP4 polypeptide sequence to polypeptide sequences of previously cloned 
plant and animal genes indicates that ZRP4 may be an 0-methyltransferase. The ZRP4 
mRNA preferentially accumulates in young roots and can be detected only at low levels in 
leaf, stem and other shoot organs. ZRP4 mRNA accumulation is developmentally regulated 
within the root, with very low levels of accumulation in the meristematic region, higher 
levels in the regions of cell elongation, highest levels in the region of cell maturation and low 
levels in the mature regions of the root ZRP4 mRNA is predominantiy located in the 
endodermis, with lower levels in the exodermis. An intriguing possibility is that the ZRP4 
mRNA may code for an 0-methyltransferase involved in suberin biosynthesis. 
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INTRODUCTION 
The root is a specialized organ that functions in anchorage, absorption, transport, 
synthesis of plant hormones, and storage. The development of roots differs in certain 
features from that of aerial shoots. The root apical meristem is covered by a cap of mature 
tissue making it subterminal rather than terminal, as is the case of the shoot apical meristem. 
Additionally, the root apical meristem does not produce lateral appendages as does the shoot 
apical meristem (Steeves and Sussex, 1989). Instead, secondary roots initiate internally in 
the pericycle and penetrate through the surrounding tissues. The vascular tissues are 
organized into a cylinder surrounded by a specialized layer of cells, the endodermis. The 
endodermis is characterized by the presence of a Casparian strip. The Casparian strip is a 
band-like region of the primary cell wall that is impregnated with suberin. Suberin is a 
complex polymer composed of varying amounts of aliphatic and aromatic domains 
(Kolattukudy, 1987; Garbow et al., 1989). The aliphatic domains originate from fatty acids 
and are structurally similar to cutin. The aromatic domains originate from phenylpropanoid 
precursors and are structurally similar to lignin (Kolattukudy, 1987; Garbow et al., 1989). 
The endodermal cells are compactly arranged and their protoplasts are attached to the 
Casparian strip, thus, the protoplasm of the endodermis mediates the transport of dissolved 
substances between the cortex and vascular tissues (Raven et al., 1992). In some plant 
species, including maize, an exodermis with a Casparian strip is also formed in more mature 
regions of the root. The exodermis is located immediately internal to the epidermis; 
eventually the epidermis sloughs away and the exodermis functions as the barrier between 
the roots and the soil (Raven et al., 1992). 
Plant development and function is coordinately regulated through precise control of 
gene expression; a given population of mRNAs provides a template that is instrumental in 
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determining the form and function of each cell in the plant body. The study of the regulation 
of tissue- and cell-type preferential mRNA accumulation is a means to elucidate the genetic 
and molecular basis of plant development and function. Because of the important function 
and unique developmental characteristics of the root, recent investigations have focused on 
differential gene expression in this organ (Evans et al., 1988; Keller and Lamb, 1989; 
Montoliu et al., 1989; Conkling et al., 1990; Lemer and Raikhel, 1990; Mclean et al., 1990; 
Schiefelbein and Benfey, 1991; Yamamoto et al., 1991; CoUazo et al., 1992; Dietrich, et al, 
1992; John et al., 1992). 
To begin an investigation of the molecular mechanisms of maize root development 
and function, we identified genes expressed preferentially in maize roots (John, 1991; John et 
al., 1992). Here, I report the characterization of pZRP4, a cDNA clone corresponding to an 
mRNA that preferentially accumulates in the young maize root, and that may encode an O-
methyltransferase. 
20 
MATERIALS AND METHODS 
Plant Growth Conditions and Harvesting of Tissue 
To provide plants from three to nine-day-old, seeds of maize (Zea mays L. cv. 
NKH31) were imbibed and grown on germination paper. Approximately 50 seeds were 
planted on germination paper, which was subsequently rolled and placed inside a 
polyethylene basket containing IL of distilled water. Seedlings were grown at 30°C under 
16h light/Sh dark cycle in a growth chamber. For collection of root segments, roots were 
placed on ice cold glass plates and one centimeter long segments were excised with a razor 
blade and kept at 4°C until harvesting was completed. Shoots were also harvested in some 
cases. After harvest, tissues were frozen in liquid nitrogen and then stored at -SO^C. 
To obtain organs from more mature maize plants, plants were grown under standard 
greenhouse conditions for three weeks, or were grown in the field until anthesis (John et al., 
1992). Various plant organs were harvested, frozen in liquid nitrogen immediately, and 
stored at -80°C. Nearly complete root systems, including young prop roots, were harvested 
from greenhouse-grown plants, however, because of adhering soil, only the mature regions of 
prop roots could be harvested from the field-grown plants. 
RNA Isolation 
Total RNA was isolated from one centimeter segments of roots from germination-
paper-grown maize plants according to the procedures described by Chomczynski and Sacchi 
(1987). Total RNA was isolated from roots and other organs of greenhouse-grown and field-
grown plants according to the procedures described by Dean et al. (1985), with modifications 
as described by Edwards and Colbert (1990). Poly(U) Sephadex columns were used to purify 
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poly(A)+ RNA from total RNA as described by Murray et al. (1981) and modified by 
Lissemore et al. (1987). 
Construction and Screening of the Root cDNA Library 
A com root cDNA library was constructed from poly(A)+ RNA isolated from nine-
day-old com roots and screened with ^^P-labeled first strand cDNAs derived from nine-day-
old com shoot and root poly(A)+ RNA (John et al., 1992). 
DNA Sequencing 
The cDNA clone pZRP4 was sequenced at the ISU Nucleic Acid Facility, according 
to the dideoxy-nucleotide chain termination method (Sanger et al., 1977) with double 
stranded DNA templates (Chen and Seeburg, 1985). Seven subclones were generated and 
three primers were synthesized to facilitate sequencing of pZRP4 (Fig IB). The ZRP4 cDNA 
cloned into pBluescript (SK) was digested with Sail resulting in: 1) a linearized vector plus a 
5' fragment that was religated to form pZRP4.1; 2) a liberated 3' fragment containing a short 
stretch of polylinker that was cloned into Sail digested pBluescript (KS) and termed 
pZRP4.2; and 3) a small internal Sail fragment that was not initially detected. Clone 
pZRP4.1 was digested with AccI resulting in: 1) a linearized vector plus a 5' fragment that 
was blunt-ended with Klenow polymerase and religated to form pZRP4.11; and 2) a liberated 
3' fragment that was blunt-ended with Klenow polymerase and cloned into EcoRV digested 
pBluescript (KS) and designated pZRP4.21. Clone pZRP4.2 
was double digested with BsmI and EcoRV resulting in; 1) a linearized vector plus a 5' 
fragment that was blunt-ended with T4 polymerase exonuclease activity and religated to form 
pZRP4.21; and 2) a liberated 3' fragment that was blunt-ended with T4 polymerase and 
cloned into EcoRV digested pBluescript (KS) and termed pZRP4.22. These subclones were 
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Figure 1. The nucleotide and predicted amino acid sequence of the pZRP4 cDNA. 
A. The predicted amino acid sequence corresponding to the open reading frame is shown 
beneath the nucleotide sequence. Bold letters in the nucleotide sequence indicate start and stop 
codons. 
B The restriction enzyme sites used in subcloning pZRP4: Acc I (A), Bag I (E), Sal I (S), 
Bsm I (B), and the oligonucleotide primers used to sequence pZRP4: 1 (5' CCGCCAG 
CCTATCCCAG 3'), 2 (5TGCTCATCTCGTTCCATGC 3'), and 3 (5' CGGTCT 
TAGGTGTTCGG 3"). 
23 
A .  
10 30 50 
GAGAAAGTAGCAGTATCAGCATGGAGCTCAGCCCCAACAACAGCACGGACCAGAGCPTGC 
M E L S P N N S T D Q S L L  
70 90 110 
TCGATGCGCAGCTCGAGCTCTGGCACACCACCTTCGCGTTCATGAAGTCCATGGCGCTCA 
D A Q L E L W H T T F A F M K S M A L K  
130 150 170 
AGTCCGCAATACACCTCCGAATTGCCGATGCCATCCACCTCCATGGCGGTGCCGCCAGCC 
S A I H L R I A D A I H L H G G A A S L  
190 210 230 
TATCCCAGATACTAAGCAAGGTCCATCTCCACCCGTCCAGAGTTTCCAGCCTCCGTCGCC 
S Q I L S K V H L H P S R V S S L R R L  
250 270 290 
TGATGCGCGTGCTAACAACCACCAATGTCTTCGGCACCCAGCCGCTGGGTGGTGGCAGTG 
M R V L T T T N V F G T Q P L G G G S D  
310 330 350 
ACGACGACAGTGAGCCCGTCTACACTCTCACTCCAGTGTCTCGCCTCCTCATCGGCTCAC 
D D S E P V Y T L T P V S R L L I G S Q  
370 390 410 
AGTCGTCGCAGCTGGCCCAGACTCCGTTGGCGGCCATGGTGCTCGATCCAACCATCGTCT 
S S Q L A Q T P L A A M V L D P T I V S  
430 450 470 
CCCCCTTCTCCGAGCTCGGCGCGTGGTTCCAGCACGAGCTCCCAGACCCGTGCATCTTCA 
P F S E L G A W F Q H E L P D P C I F K  
490 510 530 
AGCACACGCACGGCCGAGGCATCTGGGAGTTGACCAAAGATGACGCGACCTTCGACGCCC 
H T H G R G I W E L T K D D A T F D A L  
550 570 590 
TAGTCAACGACGGGTTGGCTTCCGACAGCCAACTCATCGTCGACGTTGCCATCAAGCAGA 
V N D G L A S D S Q L I V D V A I K Q S  
610 630 650 
GCGCAGAGGTCÏTCCAGGGGATAAGCTCGCTCGTCGACGTCGGTGGGGGCATCGGTGCGG 
A E V F Q G I S S L V D V G G G I G A A  
670 690 710 
CGGCCCAAGCCATCTCAAAGGCGTTCCCGCACGTCAAGTGTAGCGTGCTGGACCTTGCCC 
A Q A I S K A F P H V K C S V L D L A H  
730 750 770 
ACGTCGTTGCGAAGGCTCCAACTCACACGGACGTGCAATTTATCGCTGGCGACATGTTTG 
V V A K A P T H T D V Q F I A G D M F E  
790 810 830 
AGAGCATTCCACCAGCAGACGCCGTACTGTTGAAGTCGGTCTTGCATGAÎTGGGACCATG 
S I P P A D A V L L K S V L H D W D H D  
850 870 890 
ACGACTGCGTGAAGATACTGAAGAAITGCAAAAAGGCTATTCCTCCAAGAGAAGCCGGTG 
D C V K I L K N C K K A I P P R E A G G  
910 930 950 
GAAAGGTGATAATAATAAACATGGTAGTTGGAGCTGGGCCATCTGACATGAAGCACAAAG 
K V I  I  I N M V V G A G P S D M K H K E  
970 990 1010 
AGATGCAGGCCATATTCGATGTCTATATCATGTTCATCAATGGCATGGAACGAGATGAGC 
M Q A I F D V Y I M F I N G M E R D E Q  
1030 1050 1070 
AGGAGTGGAGCAAGATTTTCTCCGAAGCTGGATATAGCGATTACAGAATAATACCGGTCT 
E W S K I F S E A G Y S D Y R I  I  P V L  
1090 1110 1130 
TAGGTGTTCGGTCTATAATCGAGGTCTATCCATAJICCA'ITTGTGTAAGATGGTTCATATA 
G V R S I  I  E  V  Y  P  *  
1150 1170 1190 
TAGTGGCATGGATCGGAGCTTGTGTGGTGTGGACATGTAATCTAAATAAGTGGGTACCCC 










sequenced twice in both directions with M13 forward and reverse primers. Some sequencing 
ambiguities were cleared up by synthesizing the following primers: 1) (5' 
CCGCCAGCCTATCCCAG 3'), 2) (5' TGCTCATCTCGTTCCATGC 3'), and 3) (5' 
CGGTCTTAGGTGTTCGG 3'), which facilitated sequencing of the 5' end of pZRP4.11 and 
the 5' and 3' ends of pZRP4.22 respectfully. The primer used to sequence die 5' end of 
pZRP4.22 was then used to sequence across the Sail junction. The resulting sequence 
revealed a small internal Sail fragment. An additional subclone was constructed by digesting 
the ZRP4 cDNA cloned into pBluescript (KS) with EagI which resulted in a liberated 5' end 
fragment that was not cloned, and the linearized vector plus EagI fragment which was 
religated to form pZRP4.3. Clone pZRP4.3 allowed sequencing of the other DNA strand of 
the internal Sail fragment via the M13 forward primer. Each strand of pZRP4 was sequenced 
at least twice. Nucleotide sequencing was carried out with Applied Biosystems Model 373A 
DNA sequencer, version 1.0.2. DNA sequence data were analyzed using the University of 
Wisconsin Genetics Computer Group (UWGCG) package (Devereux et al., 1984). 
Hydropathy analysis was performed using the DNA Strider program (Kyte and Doolittle, 
1982; Marck, 1988). 
Genomic Southern Blot Analysis 
Genomic DNA from maize leaves was isolated as described by Saghai-Maroof et al. 
(1984). The BamHI fragment of pZRP4 containing the cDNA insert was isolated using Gene 
Clean (Bio 101) and labeled with 32p by random hexanucleotide priming under the 
conditions specified by the manufacturer (Amersham). DNA gel blot analysis was carried 
out according to previously published procedures (Sambrook et al., 1989). 
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RNA Gel Blot Analysis 
RNA gel blot analyses, hybridization, and washing conditions were performed as 
described in Cotton et al, (1990), except that the hybridization solution contained 300 mM 
NaCl in the analysis of root segments (Fig. 6) and young roots and leaves (Fig. 5A). In 
addition, in the experiment involving young roots and leaves, the final wash was at 75°C in a 
0.1%(w/v) sodium dodecyl sulfate solution. RNA size standards were from Bethseda 
Research Laboratories. Antisense ZRP4 RNA probe was produced by digesting pBluescript 
IIKS"^, containing the ZRP4 cDNA insert, with EcoRI, followed by transcription with T3 
RNA polymerase. The antisense probe for pZRP3.21 was synthesized as described in John et 
al. (1992). Liquid scintillation spectrometry was used to quantify probe hybridization as 
described by Cotton et al. (1980). 
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RESULTS 
Isolation of pZRP4 and Estimation of the Copy Number per Genome 
Three ZRP (Zea Root Preferential) cDNA clones (pZRP2,3, and 4) were isolated by 
differentially screening a com root cDNA library constructed from poly(A)+ RNA isolated 
from nine-day-old maize roots (John et al., 1992). Probes used to screen the library were 
32p.iabeled first strand cDNAs prepared from poly(A)+ RNA isolated from nine-day-old 
shoots and roots. The pZRP4 clone hybridized to the root cDNA probe, but when an 
equivalent amount of shoot cDNA probe was used there was no detectable hybridization. 
To investigate the number of ZRP4 genes in the com genome a ^^P-labeled ZRP4 
DNA probe was hybridized to total com genomic DNA digested to completion with Hindm, 
EcoRI, and BamHI restriction enzymes (Fig. 2). A single band was observed in each lane, 
indicating that the zrp4 gene is present at low or single copy in the com genome. Restriction 
fragment length polymorphism mapping indicated that the zrp4 gene is located on maize 
chromosome 4 (D. Mead, personal communication). 
Analysis of pZRP4 cDNA Sequence 
The pZRP4 sequence is 1,268 nucleotides long excluding the poly (A)+ tail (Fig. lA), 
thus, it appears to be near the length of the 1.4 kb mRNA detected on RNA gel blots (Fig. 
4A). The positions of restriction enzyme sites and oligonucleotide primers used in 
sequencing are shown in Figure IB. The putative 5' nontranslated region is 20 nucleotides 
long and the predicted 3' nontranslated region is 153 nucleotides in length. Within the cDNA 
sequence there is a large open reading frame encoding a putative polypeptide of 365 amino 







Figure 2. Genomic Southern blot analysis of zrp4. Maize genomic DNA (approximately 10 
Hg) was digested with BamHI (lane 1), EcoRI (lane 2), or Hindlll (lane 3), fractionated by 
agarose gel electrophoresis, transferred to a nylon membrane, and hybridized with the ^^P-
labeled cDNA insert of pZR.P4. EcoRl/Hindlll digested lambda DNA fragments were used 
as size markers. 
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Figure 3. Hydropathy profile of the predicted ZRP4 amino acid sequence. A cornputer 
generated hydropathy profile (window of 11 consecutive amino acids) of the predicted ZRP4 
protein was calculated according to Kyte and Doolittle (1982) and plotted against the amino 
acid number using the DNA Strider program (Marck, 1988). 
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Table 1. Percent Amino Acid Identity and Similarity ^ Among Plant 
0-Methyltransferases 
Caffeic acid/5-hydroxy ferulic Other 0-methyl-
0-methyltransferases transferases 
Popome Ptomtl Comtl Mzeomth Imt Zrp4 
Popome^ 100 99 (99) 85 (93) 64 (78) 53 (71) 30 (52) 
Ptomtl 100 85 (93) 65 (78) 53(71) 30 (51) 
Comtl 100 62 (77) 52 (69) 30 (52) 
Mzeomth 100 44(65) 29 (54) 
Imtl 100 31 (53) 
ZRP4 100 
1 Percent amino acid similarity values are in parentheses 
2 Abbreviations and references are as described in Fig. 4 
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Figure 4. Amino acid sequence alignment of the ZRP4 polypeptide with O-
methyltransferases from other plant species. The ZRP4 amino acid sequence was aligned with 
0-methyltransferases from cottonwood (Popome; Dumas et al., GeneBank accession number 
M73431), aspen (Ptomtl; Bugos et al., 1991), alfalfa (Comtl; Gowri et al., 1991), maize 
(Mzeomth; Collazo et al., 1992), and ice plant (Imtl\ Vernon and Bohnert, 1992) using the 
UWGCG program PRETTY. Identical amino acids are represented with bold capital letters, 
consensus and similar amino acids with capital letters, and non-conserved amino acids with 
lower case letters. The underlined regions represent amino acids conserved in enzymes that 



















































MGSTGETQMT PTQVSDEEAh L..FAMQLAS ASVLPKILKt AIELDLLEIM 
MGSTGETQMT PTQVSDEEAh L..FAMQIAS ASVLPMILKt AIELDLLEIM 
MGSTGETQiT PThlSDEEAn L..FAMQLAS ASVLPKILKS XlELDLLEIi 
MGSTag...d vaaVvDEEAc M..YAMQIAS sSILPMtLKn AIELgLLEVL 
MttytngnyT qpktlDkDeq LagLAvtLAn AaaFPMILKS AfELkiLDIF 
. . .melspnn sTdqSllDAq LelWhttFA. . fmksKaliKS AlhLriaDai 
51 100 
AKAGPG..AF LSTSEIAShL PTKNPD...A PVMLDRlLRL LASYSIL.TC 
AKAGPG..AF LSTSEIAShL PTKNPD...A PVMLDRlLRL LASYSIL.TC 
AKAGPG..Aq iSpiEIASqL PTtNPD...A PVMLDHMLRL LAcYilL.TC 
qKeagGgkAa LapeEVvarM PaapsDpaaA aaMvDRMLRL LASYdVv.rC 
sKAGeG..vF vSTSEIASqi gaKNPn...A PVLLDRMLRL LAShSVL.TC 
hlhGgaa... .SlSqllSkv hlhpsrvss. ...LrRLMRv LtttnVFgTq 
101 150 
SLKDhPDGKV ERLYGLAPVC KFL.TKNEDG VSVSPLcLMN QDKVLMESWY 
SLKDIPDGKV ERLYGLAPVC KFL.TKNEDG VSVSPLcLMN QDKVLMESWY 
SvrtqqDGKV qRLYGLAtVa KYL.vKNEDG VSISaLnLMN QDKVLMESWY 
qMeD.rDGry ERrYsaAPVC KWL.TpNEDG VSmaaLaLMN QDKVLMESWY 
kLqkGegGs. qRvYGpAPlC nYL.asNDgq gSlgPLlvLh hDKVMMESWF 
pLggGsDdds EpvYtLtPVs rLLigsqssq laqtPLaaMv iDptivspFs 
151. 200 
•DAIL DGGIPFNKAY OMTAFEYHGT DPRPNKVFNK OMSDHSTItM 
.DAIL DGGIPFNKAY OMTAFEYHGT DPRPNKVFNK OMSDHSTItM 
.DAVL DGGIPFNKAY OMTAFEYHGT DPRFNKVFNK OMSDHSTItM 
.DAVL DGGIPFNKAY OMTAFEYHGT DaRFNrVFHe OMknHSvIit 
.DylL EGGVPFkrAh OMiqFDYtGT DeRFNhVFHq OMahHtilvM 
pdpciFkhth OrgiWEltkd DatFdalvHd OLasdSqliv 
250 
FEGltSLVDV OOGtOAWNT IVSKYPsIKG INFDLPHVIE 
FEGltSLVDV OOGtOAWNT IVSKYPsIKG INFDLPHVIE 







































FEGvstLVDV OOGvOAtlha ItSrhPHIsG VNFDLPHVIs 
FndvkvLVDV OOniOvnVsm IVaKhtHIKG INYDLPHVIa 
FaGisSLVDV OOGiOAaaaa IskaFPHVKc svLDLaHWa 
300 
VGODMFVSVP KADAVFMKWI cHDWSDaHCL KFLKNCYDAL 
VGODMFVSVP KADAVFMKWI cHDWSDaHCL KFLKNCYDAL 
VGODMFVSIP KADAVFMKWI cHDWSDeHCL KFLKNCYEAL 
VGODHFaSVP agDAILMKWI IHDWSDaHCa tLLKNCYDAL 
VGOnMFeSIP qADAIFMKWV IHDWSDeHCv KiLnkCYEsL 
laODMFeSIP PADAVLLKSV IHDWdhddCv KiLKNCkkAi 
350 
IVECILPVAP DtSLATKGW HIDVIMLAHN PGOKKRTEKE 
IVECILPVAP DtSLATKGW HVDVIMLAHM PGOKSRTEKE 
vaECILPVAP DsSLATKGW HIDVIMLAHN PGOKBRTqKE 
vVECVLPVnt EatpkaqGVf HVDmlMLAHN PGOKBRyErE 
IVEsliPViP EdnLeshmVf slDchtLvHN qGOKERskeD 
iInmVvaaaP sdmkhkemqa ifDVyiMfiN ..OmERdEqE 
381 
qGFEVmCCAF NThVIELrKn . 
qGFEVmCCAF NThVIEFrKK a 
qGFkVhCnAF NTYImEFlKK v 
sGFkatYiya NaWalEFiK. . 
stvDViCCAY dTWVmELyKK . 
sdYrlipvlg vrsIIEvyp. . 
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serine, alanine, and leucine, each of which comprise about nine percent of the amino acid 
mole fraction. The hydropathy plot and amino acid sequence of the open reading frame are 
devoid of obvious structural motifs; the lack of any extensive hydrophobic regions suggests 
that the ZRP4 polypeptide does not span a membrane (Fig. 3). The predicted ZRP4 
polypeptide has 50% similarity (30% identity) over the entire amino acid sequence with five 
0-methyltransferases found in plants (Fig. 4, Table 1). The amino acid identity is highest in 
the carboxyl half of the protein, particularly in the three regions previously shown to be 
conserved in proteins from plants, animals, and microorganisms requiring S-adenosyl-L-
methionine as a substrate (Ingrosso et al., 1989; Bugos et al., 1991). Comparisons of the 
amino acid sequences suggest that ZRP4 is distinct from the 0-methyltransferases 
previously isolated (Table 1). 
Accumulation of ZRP4 mRNA in Plant Organs 
ZRP4 mRNA accumulation was investigated in more detail by using RNA gel blot 
analysis to measure the levels of ZRP4 mRNA in various maize organs (Fig. 5). Total RNA 
(Fig 5A, lanes 1-5) and poly (A)+ RNA (Fig. 5A, lanes 6-8) isolated from roots and leaves at 
various stages of development were hybridized to a ZRP4 32p-iabeled antisense RNA probe. 
The analysis revealed that an mRNA of approximately 1.4 kb preferentially accumulated in 
the roots. In total RNA the ZRP4 mRNA was most abundant in three-day-old roots, but was 
also present at high levels in three-week-old whole root systems and prop roots. ZRP4 
mRNA could be detected in poly (A)+ RNA from nine-day-old light or dark grown shoots, 
and we presume that 231P4 mRNA would be detectable in the poly (A)""" RNA of five-day 
and three-week-old leaves too. Quantification of the ZRP4 mRNA in the poly (A)+ RNA 
samples revealed that the ZRP4 mRNA detected in the root (Fig. 5A, lane 6) was about ten 
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Figure 5. Abundance of ZRP4 mRNA in various maize organs at different developmental 
stages. Total or poly (A)+ RNA was fractionated by electrophoresis in a 3% 
formaldehyde/1% agarose gel. After electrophoresis the RNA samples were transferred to a 
nylon membrane and hybridized with ^Zp-labeled antisense ZRP4 RNA probe. 
A. Total RNAs were isolated from three-week-old greenhouse-grown plants: entire root 
system (lane 1), prop roots (lane 2), and leaves (lane 3). Total RNAs were also isolated from 
three-day-old roots Oane 4), and five-day-old leaves (lane 5). Poly (A)+ RNAs were isolated 
from nine-day-old roots: (lane 6), nine-day-old light grown shoots (lane 7), and etiolated 
shoots (lane 8). One microgram samples of poly (A)+ RNA and 10 ^g samples of total RNA 
were analyzed. 
B. Total RNAs (10 |ig) from roots of three-week-old greenhouse-grown plants (lane 1), and 
from other organs harvested from field-grown plants at pollination: root (lane 2), stem (lane 
3), leaf (lane 4), ear at pollination (lane 5), ears at 10 days post-pollination (lane 6), silk (lane 
7), and tassel (lane 8). 
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The analysis of ZRP4 mRNA accumulation was expanded to include various organs isolated 
from maturing field-grown plants (Fig. 5B). Lower levels of the 1.4 kb ZRP4 mRNA were 
detected in all organs, including the mature prop roots (Fig. 5B, lane 2, detectable with longer 
exposure). The data show that the ZRP4 mRNA does not accumulate exclusively in the root, 
and is present at a much lower level in the mature regions of the root than during earlier 
stages of root development. 
A second band, of about 1 kb, was apparent in total RNA from the leaf (Fig. 5B, lane 
4). This band was initially observed in blot analysis of total RNA isolated from the leaves 
used to produce Figure 5 A, but after the blot was washed under more stringent conditions 
(75^0 the band was removed. In addition, the extra band was not detected in the shoot poly 
(A)+ RNA (Fig. 5A, lanes 7, and 8). Thus, we conclude that the 1 kb band observed in 
leaves (Fig. 4B, lane 4) was due to spurious hybridization to an abundant non-polyadenylated 
RNA, rather than to a slighdy smaller version of the ZRP4 mRNA. 
Distribution of ZRP4 mRNA within Roots 
RNA gel blots were used to analyze the distribution of ZRP4 mRNA in roots from 
four-day-old plants (Fig. 6). Total RNA was isolated from the first centimeter (including the 
root tip), and from each successive centimeter of the root, and probed with the ZRP4 32p. 
labeled antisense RNA (Fig. 6A). The ZRP4 mRNA accumulation was lowest in the first 
centimeter. However, longer exposure times allowed detection of ZRP4 mRNA in the root 
tip (data not shown). The abundance of ZRP4 mRNA increased between the second and 
third centimeter after which the level remained constant. As a control, the same blot was 
stripped and reprobed with ZRP3.21 ^^P-labeled antisense RNA (Fig. 6B). ZRP3 mRNA has 
previously been shown to accumulate to the highest level near the root tip (John et al., 1992). 
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Figure 6 Longitudinal distribution of ZRP4 and ZRP3 mRNAs throughout the maize 
primary root. 
A. Dissection of a four-day-old primary root. Roots were dissected as shown and total RNA 
was isolated from samples representing each root segment. 
B. Total RNA (5 |xg) from the root tip (lanel), 1-2 cm (lane 2), 2-3 cm (lane 3), 3-4 cm (lane 
4), 4-5 cm (lane 5), 5-6 cm (lane 6), 6-7 cm (lane 7), and 7-9 cm (lane 8), probed for ZRP4 
mRNAs. 
C. As a control, the blot from panel B was stripped and reprobed with a pZRP 3.21 antisense 
RNA probe (John et al., 1992). 
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The cellular localization of ZRP4 mRNA in nine-day-old maize seedlings was 
determined using in situ hybridization (Held et al., 1993). 35s-labeled pZRP4.22 antisense 
RNA probes were hybridized to cross sections of root taken at approximately the fourth 
centimeter from the root tip. In this region of the root the cells have ceased to divide and 
elongate, and are in the process of maturation (Erickson and Sax, 1956). Secondary walls 
have not yet formed and the endodermis has not yet formed its Casparian strip. At this 
developmental stage, the ZRP4 mRNA accumulated predominantiy in the cells of the 
endodermis (Held et al., 1993). A later stage of root development was analyzed, 
approximately 10 cm from the root tip, in which maturation of the endodermal cells is more 
complete, an exodermal layer has been initiated, and thick secondary cell walls of the 
exodermis and xylem have been deposited. In this more mature region, the ZRP4 mRNA 
accumulated in both the cells of the endodermis and the exodermis (Held et al., 1993). 
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DISCUSSION 
RNA gel blot analyses indicate that the longitudinal distribution of ZRP4 mRNA in 
the root is developmentally regulated. In four-day-old roots, ZRP4 mRNA accumulation is 
lowest in the region of the apical meristem, increases to a maximum level between the second 
and third centimeters from the root tip, and remains at this level throughout the remaining 5 
cm of the four-day-old root. ZRP4 mRNA also accumulates to relatively high levels in 
three-week-old roots. In contrast, the mature portions of the roots of field-grown maize 
showed only very low levels of ZRP4 mRNA. Together, these data indicate that ZRP4 
mRNA accumulation is low in the root apical meristem and increases in the developing root 
until a certain stage is reached, then the level remains constant through more mature stages in 
development; followed by a decline in ZRP4 mRNA level at later stages of development. 
The precise stage of root development during which the abundance of ZRP4 mRNA begins 
to decline has not yet been determined. It is plausible that this stage could define a change 
in function of the endodermis in which the ZRP4 protein is no longer required, or when 
sufficient levels of ZRP4 protein have accumulated. ZRP4 mRNA also accumulates to low 
levels in aerial organs of the maize plant 
To determine if the root-preferential accumulation of ZRP4 mRNA was due to a 
higher level of ZRP2 transcription in the root than in the leaf, in vitro run-on transcription 
assays were performed with isolated nuclei as described in PAPER H. The results suggested 
that the ZRP4 mRNA was transcribed at a very low level in the nuclei isolated from the roots 
(data not shown). It was unclear if ZRP4 mRNA was transcribed at a higher rate in root 
nuclei than in leaf nuclei. 
The amino acid sequence of the deduced ZRP4 polypeptide shares identity with the 
functional domains of O-methyltransferases from a variety of organisms. O-
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methyltransferases are required for the biosynthesis of a variety of plant products. 
Compounds that are formed by 0-methylation using S-adenosyl methionine as the methyl 
donor include the three phenylpropanoid precursors of lignin biosynthesis (Griesbach, 1981), 
a variety of 0-methylated phenylpropanoids and other phenolic derivatives (e.g., the 
furanocoumarins, bergapten, isopimpinellin, and xanthotoxin)(Hauffe et al., 1986; Hahlbrock 
and Scheel, 1989), 0-methylated isoflavonoids and flavonoids, ononitol (Vernon and 
Bohnert, 1992), possibly the secondarily methylated lignins (Goodwin and Mercer, 1988), 
possibly furocoumarins (Goodwin and Mercer, 1988), possibly lignans (whose biosynthesis 
is not understood, but which contain 0-methylated phenylpropanoids) (Goodwin and Mercer, 
1988), and the phenylpropanoid precursors of suberin (Kolattukudy, 1987; Hahlbrock and 
Scheel, 1989). 
O-methyltransferase clones have been isolated from aspen, alfalfa, ice plant, and 
maize. The aspen and alfalfa cDNAs have been identified as caffeic acid/5-hydroxyferulic 
acid 0-methyltransferases, a bispecific enzyme involved in lignin biosynthesis (Bugos et al., 
1991; Gowri et al., 1991). This O-methyltransferase catalyzes the S-adenosylmethionine-
dependent 0-methylation of 3,4-dihydroxy cinnamic acid (caffeic acid) to form the 3-
methoxy, 4-hydroxy cinnamic acid (ferulic acid), and also 0-methylation of 5-hydroxy 
ferulic acid to form 3,5 dimethoxy, 4-hydroxy cinnamic acid (sinapic acid). The mRNA 
coding for caffeic/5-hydroxyferulic O-methyltransferase and the enzyme itself are localized 
in xylem tissue (Bugos et al., 1991); this would be expected for a protein involved in lignin 
biosynthesis. The Mzeomth cDNA from maize (Collazo et al., 1992) may be the homolog to 
the aspen and alfalfa lignin caffeic/5-hydroxyferulic 0-methyltransferases because it has 77% 
amino acid similarity to these sequences (as compared to the 50% similarity of ZRP4) (Table 
1). 
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The ice plant Imtl cDNA that has been recently isolated codes for myo-inositol O-
methyltransferase, the enzyme that catalyzes the first step in the biosynthesis of pinitol, a 
cyclic sugar alcohol (Vernon and Bohnert, 1992), Pinitol is produced in certain plant species 
at high levels in response to osmotic stress; the Imtl mRNA is induced by osmotic stress and 
is more abundant in stressed leaves than in stressed roots. 
The pattern of expression of ZRP4 is quite distinct from that expected for either a 
caffeic/5-hydroxyferulic 0-methyltransferase of lignin biosynthesis or myo-inositol O-
methyltransferase. ZRP4 mRNA is not detected in xylem tissue where most lignin 
biosynthesis occurs, and in contrast to myo-inositol 0-methyltransferase, ZRP4 mRNA is 
found at high levels in roots. Furthermore, sequence identity is low between most regions of 
the ZRP4 polypeptide and the previously described 0-methyl transferases. We conclude that 
the ZRP4 protein is probably not involved in the methylation of caffeic and hydroxyferulic 
acids for lignin biosynthesis, or for the biosynthesis of pinitol. 
ZRP4 mRNA accumulates to highest levels in the endodermis and at lower levels in 
the exodermis during the time when these regions are in the process of forming the Casparian 
strip. The ZRP4 cDNA sequence displays homology to the functional domains of O-
methyltransferases. The only 0-methylated plant metabolite known to accumulate 
specifically in the endodermis and exodermis at the time of Casparian strip deposition is 
suberin. The suberin phenylpropanoid subunits are synthesized in the cytoplasm, deposited, 
and polymerized, extracellularly in a manner analogous to lignin (KoUahikudy, 1987; 
Griesbach, 1981). However, the suberin phenylpropanoid subunits are para-coumaryl 
alcohol and coniferyl alcohol; little or no sinapyl alcohol is utilized (Kollatukudy, 1987). 
Thus, the 0-methyltransferase required for biosynthesis of coniferyl alcohol would be a 
caffeic acid 0-methyltransferase and, presumably, distinct from the bifunctional caffeic 
acid/5-hydroxferulic acid 0-methyltransferase of lignin biosynthesis. When the localization 
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and sequence data are taken together, the function of the ZRP4 protein in the 0-methylation 
of suberin phenylpropanoid precursors is an attractive possibility. The presence of suberin in 
aerial organs of the maize plant (e.g., in the cell walls of bundle sheath cells; Salisbury and 
Ross, 1992) is consistent with the observation of low levels of ZRP4 mRNA in these organs. 
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PAPER n 
AN mRNA THAT ACCUMULATES PREFERENTLVLLY IN MAIZE ROOTS IS 
REGULATED AT THE TRANSCRIPTIONAL LEVEL 
42 
ABSTRACT 
A near-full-length cDNA clone (pZRP2), corresponding to an mRNA that 
accumulated preferentially in the roots and stems of maize plants, was isolated and 
characterized (John, 1991). Further analysis of ZRP2 mRNA accumulation reveals that it 
accumulates at the lowest level near the root tip, but is present at relatively high levels 
throughout the remainder of the root, including very mature regions of the root. At several 
different developmental stages the ZRP2 mRNA accumulates preferentially in the root 
compared to the leaf. In vitro run-on transcription experiments reveal that there is a 
dramatically higher level of ZRP2 transcription in three-day-old roots than in five-day-old 
leaves. A ZRP2 genomic clone was isolated that corresponds to the ZRP2 cDNA clone, and 
the approximate ZRP2 transcription start point was determined. Particle-bombardment 
mediated transient-expression assays were used to analyze the expression of different ZRP2 
promoter/GUS transcriptional fusions in both maize roots and leaves. In the roots, 4.7 kb of 
the upstream ZRP2 promoter region directed the highest level of GUS expression. In leaves, 
the ZRP2 promoter constructs directed GUS expression primarily to the base of the leaf, and 
at what appears to be higher levels than what would be expected from the nuclear run-on 
experiments. We conclude that either the ZRP2 DNA sequences required for root-
preferential transcription are not present in the constructs analyzed, or that the ZRP2 
promoter activity in the leaf is an artifact of the particle-bombardment mediated transient-
expression assay, and does not reflect ZRP2 transcription in vivo. 
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INTRODUCTION 
Plant development and function is coordinately regulated through precise control of 
gene expression; a given population of mRNAs provides a template that is instrumental in 
determining the form and function of each cell in the plant body. The study of the regulation 
of tissue- and cell-type preferential mRNA accumulation is a means to elucidate the genetic 
and molecular basis of plant development and function. Because of the important function 
and unique developmental characteristics of the root, recent investigations have focused on 
differential gene expression in this organ (Stougaard et al., 1987; Evans et al., 1988; Keller 
and Lamb, 1989; Montoliu et al., 1989; Bogusz et al., 1990; Conkling et al., 1990; Lemer and 
Raikhel, 1990; Mclean et al., 1990; Schiefelbein and Benfey, 1991; Yamamoto et al., 1991; 
Collazo et al., 1992; Dietrich, et al., 1992; John et al., 1992). How root preferential mRNA 
accumulation is regulated has been the focus of some of these investigations. 
Four root-specific cDNA clones were isolated from tobacco. In vitro run-on 
transcription analyses with isolated nuclei indicated that the corresponding mRNA levels 
were regulated at least in part at the transcriptional level (Conkling et al., 1990). Further 
analysis of one of the clones (TobRB7) by GUS fusion experiments revealed that the 
sequences 636 base pairs upstream from the site of transcription initiation were sufficient to 
direct root specific expression. A negative element was also present between 813 base pairs 
and 636 base pairs 5' of the transcription initiation site (Yamamoto et al., 1991). The 5' 
promoter regions of two auxin-induced genes from tobacco can lead to auxin-induced and 
root-tip specific expression (Zaal et al., 1991). The 5' promoter region of the 
hydroxyproline-rich glycoprotein gene transientiy induced expression in the pericycle and 
endodermis, specifically in the discrete, small subset of cells involved in the initiation of 
lateral roots (Keller and Lamb, 1989). The promoters of hemoglobin genes directed both 
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nodule- and root-specific expression (Stougaard et al., 1987; Bogusz et al., 1990). The gene 
designated A3l92 ïromBrassica napus required both sequences 5' and 3' of the protein coding 
region for expression in the root cortex of embryos and seedlings (Dietrich et al., 1992). 
Because of the 3' regulatory region in this example, it is unclear whether the combinatorial 
regulation between the 5' and 3' sequences is due to transcriptional control or to both 
transcriptional and post-transcriptional regulation. 
To begin an investigation of the molecular mechanisms of maize root development 
and function, we identified three genes expressed preferentially in maize roots (John, 1991; 
John et al., 1992, Held et al., 1993). One of these clones was termed pZRP2. The isolation 
and characterization of the near-full-length ZRP2 cDNA clone has been described (John, 
1991). The function of the putative ZRP2 polypeptide is not known. In this investigation I 
expand the ZRP2 mRNA accumulation analysis, and show that ZRP2 mRNA accumulates 
preferentially in the root verses the leaf. The root-preferential pattern of ZRP2 mRNA 
accumulation is regulated, at least in part, at the transcriptional level. I have isolated a 
genomic clone that corresponds to the ZRP2 cDNA clone, and analyzed the 5' upstream 
region to investigate whether it is sufficient to direct root-preferential transcription. 
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MATERIALS AND METHODS 
RNA Isolation and Gel Blot Analysis 
Maize {Zea mays cv. NKH31) plants in the field were grown under normal agronomic 
conditions at the Iowa State University Agronomy Research Station during the summer of 
1990. Other plants were grown either under standard greenhouse conditions for three-weeks 
or on germination paper at 30°C for three, four, five, or nine days under 16 h light/8 h dark 
cycle in a growth chamber. Approximately 50 seeds were planted on germination papers 
which were rolled and placed inside a polyethylene basket containing 1 L of distilled water. 
One centimeter primary-root-segments were removed with a razor blade on ice cold glass 
plates and remained at ice temperature until harvesting was finished at which time tissues 
were frozen in liquid nitrogen and then stored at -80°C. The various plant organs were 
harvested, frozen in liquid nitrogen immediately, and stored at -80°C. Total RNA was 
isolated according to the procedures described by Dean et al. (1985), with modifications as 
described by Edwards and Colbert (1990). 
RNA gel blot analyses and hybridization conditions were performed as described in 
Cotton et al. (1990). RNA size standards were from Bethseda Research Laboratories. The 
full length ZRP2 cDNA in pBlueskript (SK) was digested with Hindm and transcribed with 
Tg RNA polymerase (Promega) to produce a ^T-labeled RNA probe. 
Construction and Screening of a Maize Subgenomic Library 
Genomic DNA was isolated from maize leaves as described by Saghai-Maroof et al. 
(1984). Genomic DNA was digested to completion with BamHI and fractionated on a 1% 
agarose gel. DNA fragments (10-21 kb) were isolated by electro-elution, ligated into 
Lambda Dash™ II BamHI digested arms, and packaged into Gigapack® II Packaging Extracts 
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(Stratagene). The subgenomic library of about 100,000 plaques was screened with a ^^P-
labeled ZRP2 cDNA according to standard procedures described by Davis et al. (1980) and 
Gasser et al. (1989). 
DNA Sequencing 
The ZRP2 promoter fragment was sequenced at the ISU Nucleic Acid Facility, 
according to the dideoxy-nucleotide chain termination method (Sanger et al., 1977) with 
double stranded DNA templates (Chen and Seeburg, 1985). Subclones pZ2B in pBluescript 
(KS), pZ2.45SS in pBluescript (KS), and pZ2.1ES in pBluescript (KS) provided the 
templates for sequencing (Fig. 1, and 3). After screening of the subgenomic library. Lambda 
DNA was isolated from the genomic clone (Fig. lA), digested with BamHI, and the BamHI 
fragment was cloned into BamHI digested pBluescript (KS) to form pZ2B (Fig. IB). The 
plasmid pZ2.45SS was constructed by digesting out a 4.5 kb SaU fragment from the Lambda 
genomic clone and ligating it into Sail digested pBluescript (KS) (Fig. IC). The plasmid 
pZ2.1ES in pBluescript (KS) was constructed by digesting pZ2B with EcoRV and SphI, 
which liberated a 1 kb promoter fragment. This fragment was cloned into the EcoRV and 
SphI sites of pGem 1.0 resulting in pZ2ES in pGem 1.0. The plasmid pGem 1.0 was 
constructed by cloning a custom polylinker (Fig. 2) into the BamHI and Hindin sites of 
pGem -3Z. The Hindm/BamHI fragment containing the 1.0 kb promoter fragment was then 
cloned into the Hindm and BamHI sites of pBluescript (KS) to form pZ2. lES in pBluescript 
(KS) (Fig. ID). The M13 reverse primer was used to sequence pZ2.45SS in pBluescript 
(KS) and pZ2.1ES in pBluescript (KS). Synthesized oligonucleotides were used as primers 
to sequence in both directions the pZ2B clone (Fig. 3). The sequence of primer 501 (5' 
CACAGCAGCGAAGGCATC 3') was at the 5' end of the 231P2 cDNA sequence (John, 
1991). The remaining primers: 2.3 (5' AAATAAGGATGATAATGG 3'), 2.4 (5' 
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Figure 1. Partial restriction enzyme maps of: A) ZRP2 genomic clone in lambda, B) pZ2B, 
C) pZ2.45SS, and D) pZZ.lES. Restriction enzymes are abbreviated as follows: (S) Sal I, 
(B) Bam HI, (E) Eco RV, and (Sp) Sph I. The relative position of the pZRP2 cDNA to the 
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AGCTTCTAGATGCATGTCGACGATATCGCATGCTGCAGG 3' 
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3' AGATCTACGTACAGCTGCTATAGCGTACGACGTCCCTAG 5 
Figure 2. The custom polylinker cloned into pGem -3Z. 
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Figure 3. Schematic diagram depicting the strategy used to sequence approximately 1.0 kb 
of ZRP2 genomic sequence. Primers and plasmid constructs used in sequencing are noted 
beneath the line with an arrow that displays the direction of sequencing and relative position 
of the sequence to the ZRP2 genomic fragment. The 5' end of the cDNA is noted, and the 
position of the restriction enzymes (E) Eco RV, (S) Sal I, and (Sp) Sph I of the ZRP2 
genomic fragment are indicated. 
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AGTTATATTCATTTGATA 3'), 2.5 (5' CCGAGCCATATAGCTAGA 3'), 2.7 (5' 
TTTCATCCCATCTGTATC 3'), and 2.8 (5' TGTGCCCGTCCCGCGAAC 3') were 
synthesized and used as primers as sequencing progressed. 
Mapping of the ZRP2 Transcription Start Point 
An approximate mapping of the ZRP2 transcription start point was accomplished with 
a ribonuclease protection assay (Ambion). The plasmid pZ2B was digested with Sail 
liberating an 8kb fragment. This fragment was digested again with PvuII. The resulting 401 
bp fragment was ligated into Sall/Smal digested pBlueskript (KS) resulting in pZ2,01. A ^^P-
labeled antisense RNA probe was synthesized from a Sail linearized pZ2.01 template using 
T? RNA polymerase. The probe was gel purified on a 5% denaturing polyacrylamide gel, 
hybridized to 10 |i.g of root total RNA, and treated with RNase according to the Ambion 
protocol. Markers and the protected ZRP2 mRNA were run on an 8% denaturing 
polyacrylamide gel and exposed to X-ray film at -80®C for one day. Low molecular weight 
RNA markers were purchased from Gibco BRL and end-labeled with ^^P as described 
therein. The 102 and 81 bp markers were ^^P-labeled and synthesized with T? polymerase 
from Xhol and HindlU linearized pBlueskript (KS). 
In vitro Run-on Transcription Assays 
Maize seeds were germinated under a 12h light/dark cycle for 3 days or 5 days from 
which root and leaf nuclei were isolated, respectively. Roots were removed with a razor 
blade and cut into small pieces (4-10 mm) on an ice-cooled glass plate. Five-day-old-leaves 
were harvested within 4-6 h of the onset of light to ensure maximal cab transcription (Taylor, 
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1989). The primary leaf was removed from the mesocotyl node with a gentle and gradual 
pull. Two grams of fresh leaves were used per isolation. All reagents and supplies were 
precooled to 40C. The roots were immersed in ether for 4 min, and leaves were immersed in 
ether for 3 min. The ether was poured off and 5 ml of extraction buffer (2.5% ficoll 400, 
4.0% dextran T40,250 mM sucrose, 25 mM Tris-HCl pH 7.8, and 10 mM MgCl) was added 
to the mortar containing the roots and leaves. The leaves or roots were thoroughly ground 
with a pestle, and the homogenate was filtered through two layers of 149 |j.m and 60 |im 
nylon mesh into a 30 ml corex tube. The mortar and filters were rinsed with a total of 10 ml 
extraction buffer. To the filtrate was added 500 p,l of 20% Triton-x-100. After mixing by 
inversion, tubes were centrifuged for 2-3 min at 2,000 ipm in a HB-4 rotor. The supernatant 
was drained off, and the pellet was resuspended in 10 ml wash buffer (extraction buffer plus 
0.1% Triton-x-100 vol/vol) and the centrifugation step was repeated. The supernatant was 
decanted and the pellet was resuspended in 300 |il extraction buffer and quick froze in liquid 
N2, then stored at -80°C. 
The in vitro run-on transcription reaction included 48 |il of premix (325 |iM ATP, 
CTP, GTP, and 50 mM NH2SO4), 12 ^ il (40i)M) RNASIN (Promega), 50 pi UTP32 (500 
|xCi), and 290 |J,1 of nuclei. The reaction was carried out for 30 min at 30®C with occasional 
mixing. RNA was isolated by centrifugation of the reaction to pellet the nuclei. The 
supernatant was removed and the pellet resuspended in 30 jxl sterile H2O. Five units of 
DNASE (Promega) were added and the mixture was allowed to incubate for 10 min at room 
temperature. The volume was brought up to 370 |il with elution buffer (20 mM Tris-HCl, 1 
mM EDTA, 0.5% SDS, 5 |Xg/ml yeast RNA). This mixture was extracted with 
phenol/chloroform (1/1) two or three times and then passed over a Bio-gel P60 column. The 
average cpm was determined by counting three, 2 p,l aliquots with scintillation spectroscopy. 
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One microgram of a cab cDNA clone (Edwards and Colbert, 1990) and ZRP2 
subclone pZRP2.1 (John, 1991) were digested with PstI and Kpnl, then run out on a 1% 
agarose gel and blotted onto Genescreen nylon membrane. The membrane was 
prehybridized (0.55 M NaCl, 40 mM Na2P04,2% SDS, 100 p-g/ml denatured salmon sperm 
DNA, 100 |ig/ml poly A, 4 mM EDTA, 1% BSA, 33% deionized formamide, and 5X 
Denhardts) for 4h at 42-45°C. Hybridizations were performed with equivalent amounts of 
leaf and root probe (10,20, and/or 30 million cpm) in a hybridization buffer that was the 
same as the prehybridization buffer, but without SDS or BSA. Hybridizations went for 40 h 
at 42-45°C. Blots were washed in 2X SSC, 0.1% SDS two times at room temperature for 5 
min, and then in O.lx SSC, 0.1% SDS two times at 65°C for 30 min each, and subsequently 
exposed to X-ray film for 20-60 h. 
Transient Expression Assay 
Five different promoter/GUS fusion contructs were used in the transient expression 
assays: 1) pl068; 2) p-35S1068; 3) pZ2.47SATG in pl068; 4) pZ2.2HATG in pBluescript 
(SK); and 5) pZ2.1EATG in pl068. The plasmid pl068 containing the 35S/INV6/GUS/NOS 
transcription fusion was obtained from Sandoz/Northup King Corporation (Fig. 8B). The 
promoterless contract was constracted by digesting out the 35S promoter with Sad and 
religating the plasmid to form p-35S 1068. The plasmid pZ2.47SATG in pBluescript (SK) 
contained 4.7 kb of the 5' ZRP2 promoter region that ended at the first ZRP2 putative 
translation start site (John, 1991). Another plasmid pZ2.1EATG in pBluescript (SK) 
contained 1.0 kb of the 5' ZRP2 promoter region, and it too ended at the first putative 
translation start site. These constructs were digested with Sad and Xhol restriction enzymes 
and cloned into the corresponding sites in pl068, thus, replacing the 35S promoter with the 
ZRP2 promoter fragments. The resulting constructs were called pZ2.47SATG in pl068, and 
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pZ2.1EATG in pl068. A ZRP2 promoter/GUS fusion containing 2.0 kb of the 5' ZRP2 
promoter region was constructed by digesting pZ2.47SATG in pl068 with Hindin. This 
fragment contained 2.0 kb of ZRP2 promoter/GUS/NOS cassette, and was cloned into 
Hindin digested pBluescript (SK) to form pZ2.2HATG in pBluescript (SK). 
The three-day-old roots and five-or six-day-old leaves used in the transient expression 
assay were similar to those used for the in vitro run-on transcription experiments except that 
the seeds used to obtain the roots were surface sterilized with a 50% clorox solution for 15 
min, rinsed five times with sterile water, and germinated in sterlized germination paper. Petri 
dishes containing 1% water/agar covered with a Whatman filter paper were prepared. 
Approximately 15-20 roots and four leaves were placed on each petri dish. 
Each plate of roots were shot once with 5 |ig of pl068 DNA, and the leaves were shot 
once with Ijig of pl068 DNA. Equal molar amounts of the other constructs were used. The 
procedures for microcarrier preparation, and coating DNA onto microcarriers were followed 
as described by Sanford, et al. (1992). The tungsten particles coated with DNA were 
delivered with the helium-driven PDS-lOOO/He system. Conditions used were as follows; 
M17 tungsten particles, 8 mm macrocarrier travel distance, 28 inches Hg chamber vacuum, 
1100 psi of helium pressure, and 6 cm target distance. After bombardment with 
microprojectives, the roots were incubated at 250C in the dark and the leaves at 25°C in the 
light for approximately 20 h. The leaves or roots still on Whatman paper were transferred to 
new petri dishes and incubated in 5.0 ml of buffer [0.1 M NaP04 (pH 6.8), 0.5 mM 
K3Fe(CN)6 and K4Fe(CN)6,0.01 M EDTA, and 0.1% Triton-x-100] containing 0.5 mg/ml 
of the histochemical substrate X-Glucuronidase (X-Gluc, Clonetech). The tissue in X-Gluc 
solution was incubated at 37^C in the dark for 15-20 h. Blue spots were manually counted 
under a lOX stereo microscope. 
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RESULTS 
ZRP2 mRNA Accumulation 
ZRP2 mRNA accumulation was analyzed in a variety of maize organs by RNA gel 
blot analysis (John, 1991; Fig, 4A). The results indicated that ZRP2 mRNA accumulated at 
highest levels in the root and stem of the mature maize plant. Comparison of ZRP2 mRNA 
accumulation between the root and leaf organs at different developmental stages confirmed 
root-preferential accumulation of ZRP2 mRNA, but not root-specific accumulation (Fig. 4B). 
The ZRP2 mRNA was detectable in the poly(A)+ RNA from nine-day-old maize shoots, and 
was more abundant in dark-grown shoots than in light-grown shoots. 
The distribution of ZRP2 mRNA accumulation in five-day-old maize roots was 
investigated by RNA gel blot analysis (Fig. 4C). Five-day-old roots were dissected into one 
centimeter long segments. Lane one (Fig. 4C) corresponds to the first centimeter of the root, 
which includes the root cap, the other lanes (2-8) correspond to successive one centimeter 
segments up to the kernel. The RNA gel-blot revealed that ZRP2 mRNA accumulation is 
lowest at the root tip, increased in the region of maturation (second centimeter), and tiien 
remained at a constant level throughout the remainder of the five-day-old root. As a control, 
the same RNAs were analyzed for ZRP3 mRNA accumulation, which was shown to 
accumulate near the root tip (John et al., 1992), and as expected, ZRP3 mRNA accumulated 
at the highest level in the first centimeter of the root (Held et al., 1993). 
Visualization of ZRP2 mRNA by gel-blot analysis revealed a pronounced smear 
below the 2.4 kb full length band in both total and poly (A)+ RNA. In Figure 4C, lanes 5-8, 
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Figure 4. Analysis of ZRP2 mRNA accumulation in the root and other maize organs. 
A. Total RNA was isolated from roots of three-week-old greenhouse plants (lane 1), all other 
organs were harvested from field-grown plants at pollination; root (lane 2), stem (lane 3), leaf 
(lane 4), ear at pollination (lane 5), ear 10 days post pollination (lane 6), silk (lane 7), tassel 
(lane 8). Total RNA (10 ng) was fractionated by electrophoresis in a 3% formaldehyde/1% 
agarose gel. After electrophoresis the RNA samples were transferred to a nylon membrane 
and hybridized with ^^P-labeled antisense RNA probe. The sizes of some of the RNAs used 
as molecular weight markers are indicated. 
B. Total RNA (10 |ig) from three-day-old roots (lane 1), five-day-old leaves (lane 2), three-
week-old roots (lane 3), and leaves (lane 4); one-half of a microgram of poly (A)+ RNA from 
nine-day-old roots (lane 5), light grown nine-day-old shoots (lane 6), and etiolated nine-day-
old shoots (lane 7) were analyzed as described previously for ZRP2 mRNA accumulation. 
C. Total RNA (5 |Xg) from the root tip (lanel), 1-2 cm (lane 2), 2-3 cm (lane 3), 3-4 cm (lane 
4), 4-5 cm (lane 5), 5-6 cm (lane 6), 6-7 cm (lane 7), and 7-9 cm (lane 8), probed for ZRP2 
mRNA. 
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Analysis of ZRP2 Transcription 
Nuclear run-on assays were performed to investigate ZRP2 transcription in isolated 
nuclei from the roots and leaves of maize (Fig. 5). The results indicated that nuclei isolated 
from the roots were transcribing ZRP2 mRNA at a relatively high rate. ZRP2 transcription 
could not be detected in the nuclei isolated from leaves. As a control, transcription of cab 
was analyzed in both the roots and leaves. As has been observed in previous studies (Taylor, 
1989), a relatively high level of transcription for cab was observed in nuclei isolated from the 
leaf, but not in root nuclei. This experiment was repeated three times with similar results. 
Isolation and Partial Sequence of a ZRP2 Genomic Clone 
Previous genomic Southern blot analysis indicated that ZRP2 is a single copy gene 
(John, 1991). When maize genomic DNA was digested with the BamHI endonuclease 
restriction enzyme and analyzed for the zrp2 gene, a single band approximately 14-20 kb in 
size was detected (John, 1991). A maize subgenomic library enriched for BamHI digested 
fragments ranging from about 10-20 kb in size was constructed. The genomic library 
contained approximately 100,000 clones. After the primary screening with a 32p.iabeled 
ZRP2 cDNA probe, one hybridizing clone was detected. This genomic clone also hybridized 
to the ZRP2 cDNA probe in the subsequent secondary and tertiary screenings. Partial 
sequencing of the subclone Z2B from primer 501 revealed a perfect match to sequence found 
at the 5' end of the ZRP2 cDNA sequence (Fig. 6). This confirmed that the genomic clone 
corresponded to the ZRP2 cDNA clone. 
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ROOT ETHIDIUM LEAF 
ZRP2 Cab ZRP2 Cab ZRP2 Cab 
Figure 5. Analysis of transcription of ZRP2 mRNA in nuclei of maize roots and leaves. 
In vitro transcribed RNAs from nuclei of three-day-old roots (lanes 1 and 2) and five-day-old 
leaves (lanes 5 and 6) were labeled with and hybridized to subclones of cab (lanes 2 and 
6) and ZRP2 (lanes 1 and 5). The ethidium bromide stained gel of the ZRP2 (lane 3) and cab 
(lane 4) subclones that were transferred to the nylon membranes is shown in the middle 
panel. 
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Restriction mapping of the genomic clone revealed an insert 14 kb in size (Fig. lA). 
This insert contained two internal Sal I restriction sites (Fig. IB) which would divide the 
cloned insert into 4.5 kb, 8.0 kb, and 1.3 kb fragments. The 8.0 kb fragment hybridized to 
the 5' end of the ZRP2 cDNA, and the 1.3 kb fragment hybridized to the 3' end of the ZRP2 
cDNA (data not shown). Partial sequencing of pZ2B from primer 501 revealed the sequence 
upstream of the Sal I restriction site (Fig. 3). The sequence upstream of the Sal I site 
overlapped with sequence obtained from sequencing pZ2.45SS with the M13 reverse primer 
(Fig. 3), thus, the 4.5 kb Sal I fragment was 5' to the 8.0 kb fragment, and the 5' end of the 
ZRP2 cDNA clone was very near the 5' end of the 8.0 kb Sal I fragment (Fig. IB). The zrp2 
gene appears to be approximately 9 kb in length. The ZRP2 cDNA is about 2.3 kb (John, 
1991), so intron sequences must make up approximately the remaining 7.0 kb of genomic 
sequence. 
Approximately one kilobase of genomic sequence located upstream of the 5' end of 
the ZRP2 cDNA was obtained (Fig. 6). What appeared to be a TATA box was observed 33 
bp upstream of the 5' end of the ZRP2 cDNA. The CATC box, which is located around 
position -90 in some cereal promoters (Kries et al., 1986), was not present in the ZRP2 
promoter. Comparison of the 1 kb ZRP2 genomic sequence to sequences in the GenEmbl 
data base revealed 12% identity over a stretch of 159 bp of the first intron from an a-tubulin 
gene that is expressed preferentially in the roots of maize (Montoliu et al., 1989) (Fig. 6). 
This region is AT-rich; 77% of the 159 bp sequence is composed of either A or T bases. 
Included in this region is a 36 bp stretch of sequence that is composed of either A or T bases. 
Mapping of the Transcription Start Point 
A ribonuclease protection assay was used to analyze the transcription start point of 
the ZRP2 mRNA (Fig. 7). If the 5' end of the ZRP2 cDNA clone was the transcription point 
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Figure 6. Sequence of about 1 kb of upstream ZRP2 genomic DNA. 
A stretch of sequence rich in (A/T) that has 72 % identity to the first intron of a root 
preferentially expressed a-tubulin gene is underlined (Montoliu et al., 1989), and the TATA 
box is underlined also. The approximate transcription start point is designated+1. The 
putative translation start ATG (John, 1991) is bolded, and the overlap of the 5' end of the 
pZRP2 cDNA is displayed. The 501 primer location and direction used in sequencing is 
marked. 
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979 GATATCTGAG GACCCGAGAT GGTAATGGGG ACTCGATCCT CGATTCTCCA 
929 CGGAGAATTC CTCTAGGATA TAGGTAATTT GTCCCCACGA GGATTGAAAC 
879 GGGGTAATTT GGTCCCCATG TGCCCGTCCC GCGAACTTCT CTTGATCTAA 
829 ATTAGTCTAT TTCCATGTTA AAACTATACT AAAAATTTAA TACACAGTCT 
779 ATTATAAAAT AGCAAACTAA ATTCTAAAGT TGATGCATCT TGTAATTTTA 
729 AATCTGGTTT GTTCAAGTTA TATTCATTTG ATATAATAAA TTTGAATTTG 
679 ACTCTTAATA TCGTATTTTT TCCTAACGGG GACGGATTCT CCACGGGGAT 
629 AAATTCCATG ATACAGATGG GATGAAAGAA AAATCTCCCG TATGAACTTT 
579 TGCAGGAATG GGGATGGGCC AGAGAAATTT TCTCCCTGCG GGGACGGGGG 
529 AGCCATATCC TCGGTGGAGA ATTTCCCATT ATCATCCTTA TTTGTGGTAC 
479 ATATATATGC ATAATCTTTT TTTTTTGACT GACATGTGGG AAAGTATCCC 
429 ATCTCAATAG TAGAAAATCT TGGGAACGGT AGGATCGAAC ACAAAGATCA 
379 GCTAGCTTGT AATCACCGAG CCATATAGCT AGAGGGTAAT AGATCATGAA 
329 TCAAATGTTT TTTTCATAAA TTATTAAGGC TCTAAATTAT TTTTAATTTA 
279 AAAATAAATA AAAATATAGT TCGATTCTTA CATTTTATAG TGTAAAACTT 
229 TAAAGTCTAT TATTACCCCT ACTTATTGAG TTATGGTTCA GTTCTTGTCG 
179 ACGGAGAGTA ATGAGATATA GAATAAGGTA CCCTATAGAA TAAAGAATCT 
129 TTCTCTGAAA AGTCTGACGT ACGTAAATAA GATATAATAA AAAAAATACA 
-79 AAGAGAAGCG CTGGACTGGA GATGCTCCTA TATGCGGCAA TGCCTGTGCT 
-29 TATAAATAGC CACCTCGGTC GGCAAGGACA TGAACGGCGG ACGCAGTGTG 
+1 I I I I I I I I I 
GCGTCACAC 
22 CATGCATACA AGAGCAACAA GATACTGGCG CAGAGGAGCA ATGCCCGGCA 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
GTACGTATGT TCTCGTTGTT CTATGACCGC GTCTCCTCGT TACGGGCCGT 
72 TGGATGCCTT CGCTGCTGTG 
I I I I I I I I I I I I I I I I I I I I 
ACCTACGGAA GCGACGACAC 
< primer 501 
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Mapping the ZRP2 Transcription Start Site 
Sal TATA cDNA • Intron I Pvu 
I I I ^ I 
194 105 90 12 (bp) 
+++ 
40 bp ZRP2 tnRNA 
B. 
n t  1 2  3  4  
no # 
81 «# 
Figure 7. Approximate mapping of the ZRP2 transcription start point. 
A. Schematic diagram of the ZRP2 subclone used in the RNAse protection assay and the 5' 
region of the ZRP2 mRNA it will hybridize to. 
B. Products of the RNAse protection assay and the low molecular weight markers were run 
out on an 8% denaturing polyacrylamide gel and exposed for autoradiography for one day: 
markers (lane 1), full length probe incubated with 10 ^g of root total RNA but without 
RNAse (lane 2), probe incubated with 10 ng of root total RNA with RNAse (lane 3), and 
probe incubated with 10 ^g of yeast total RNA with RNAse (lane 4). 
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point, the RNA probe would have protected a 105 bp long band (Fig, 7A). However, the 
protected band was calculated to be approximately 119 bp long (Fig. 7B, lane 2). This 
experiment was repeated three times with similar results. The adenine base that is twelve 
bases upstream of the 5' end of the cDNA clone was concluded to be the transcription start 
point because most eucaryotic transcription start sites are an adenine which is flanked by 
pyrimidine bases (Joshi, 1987) (Fig. 6). The putative TATA box is located approximately 
twenty-two bases upstream of the transcription initiation site, this location is consistent with 
other plant genes (Joshi, 1987) (Fig. 6). 
Analysis of the ZRP2 Promoter Region 
The 5' region of the ZRP2 promoter was analyzed for transcriptional activity in both 
roots and leaves of maize by particle-bombardment mediated transient-expression assays. 
Three different ZRP2 promoter/GUS transcriptional fusion constructs were generated (Fig. 
8A). The 3' ends of the ZRP2 promoter fragments ended at the putative translational start of 
the ZRP2 polypeptide (John, 1991). Two constructs were used as controls, a 35S/GUS and a 
promoterless GUS construct (Fig. 8B). 
Quantification of promoter activity was accomplished by counting blue spots that 
appeared after the tissue, which was shot with tungsten particles coated with the different 
plasmid constructs, was incubated with the X-Gluc substrate (Fig. 9-13). This means of 
quantification has proven to be as reliable as quantification of GUS enzyme activity derived 
from stable transformants in the analysis of a rice promoter (Luan and Bogorad, 1992). In 
the analysis of the ZRP2 promoter, counting blue spots proved to be more convenient than 
measuring GUS enzyme activity because the root protein extracts displayed background 
fluorescence (data not shown). This background was probably due to contaminating bacteria 
on the surface of the root, and endogenous GUS-like enzyme activity in the root due to either 
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endophytic bacteria or plant enzymes producing secondary compounds (Jefferson, 1987). 
Sterilization of the maize seeds and germinating them in semi-sterile conditions removed 
most, if not all, GUS activity due to bacteria on the surface of the root (Fig. 9, -35S). 
Counting the discrete blue spots on the root eliminated the endogenous root background from 
being a significant factor (Fig. 11). 
The ZRP2 and 35S promoter activities in maize roots were tested in three independent 
experiments (Fig. 9). In all three experiments the 358 promoter displayed the highest 
activity, and the promoterless construct (-35S) activity was negligible. These results 
confirmed that the spots were due to promoter activity and not background. The 1.0 kb 
ZRP2 promoter fragment activity was significantiy higher than the -35S control, but 
consistentiy lower than the 2.0 or 4.7 kb fragments. The 2.0 kb ZRP2 promoter fragment 
displayed significantiy higher activity than the 1.0 kb fragment, and lower activity than the 
4.7 kb fragment. The 4.7 kb ZRP2 promoter fragment appears to have the strongest activity 
of the ZRP2 promoter constructs, which was on average 33% of 358 activity in the roots 
(Fig. 14). 
In two independent experiments the ZRP2 and 358 promoter fragments were tested 
for their ability to direct transcription in the leaves of maize (Fig. 10). As in the roots, the 
358 promoter displayed the highest activity, and the -358 control displayed virtually no 
activity. All of the ZRP2 promoter fragments revealed GU8 activity in the leaves. The 2.0 
fragment displayed the highest activity, which was on average 33% of 358 activity in the 
leaves (Fig. 14). However, between the 358 and the ZRP2 promoter constructs was a 
obvious difference in the distribution of spots (Figs. 12 and 13). All three of the ZRP2 
promoter fragments revealed spots primarily localized in the base of the leaf (Fig. 12), 
whereas the 358 promoter activity appeared throughout the entire leaf (Fig. 13). 
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Figure 8. Schematic of the ZRP2 (A) and 35S/GUS fusion constructs (B) used in the 
particle-bombardment mediated transient-expression assay. 
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Figure 9. Quantification of promoter activity in maize roots. Three different experiments 
were performed with each treatment replicated four times within an experiment, except for 
the -35S treatment in the second experiment which was repeated twice. Displayed in the bar 










• experiment 1 
experiment 2 
35S 1.0 kb 2.0 kb 47 kb 
promoter 
-35S 
Figure 10. Quantification of promoter activity in maize leaves. Two different experiments 
were performed with each treatment replicated four times within an experiment Displayed 
in the bar graph are the means and the standard deviation about the mean for each treatment. 
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Figure 11. Photograph of blue spots in maize roots produced by the ZRP2 4.7/GUS fusion 
construct. The magnification is 21X. 
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Figure 12. Photographs of blue spots in maize leaves produced by the 35S/GUS fusion 
construct. A. The upper portion of the blade, and B, the base of the leaf blade. The 
magnification is 21X. 
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Figure 13. Photographs of blue spots in maize leaves produced by the ZRP2-4.7/GUS fusion 
construct. A. The upper portion of the blade, and B, the base of the leaf blade. The 
magnification is 21X. 
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40 
1.0 kb 2.0 kb 4.7 kb 
promoter 
Figure 14. ZRP2 promoter expression in roots and leaves normalized to 35S expression. 
The 1.0,2.0, and 4.7 kb ZRP2 promoters mean percent of 35S activity and the standard error 
about the mean are displayed in the graph. 
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DISCUSSION 
ZRP2 mRNA accumulation in the root is lowest at the root tip, increases in the 
second centimeter, reaches a maximum level in the third centimeter, and remains constant 
throughout the remainder of the five-day-old root. ZRP2 mRNA also accumulates to 
relatively high levels in both three-week-old roots and mature prop roots. It appears that the 
ZRP2 mRNA accumulates to high levels during most developmental stages of the maize root. 
At the present time we do not know what the function of the ZRP2 polypeptide is. If 
the pattern of ZRP2 protein accumulation resembles the pattern of ZRP2 mRNA 
accumulation, the function of the ZRP2 protein appears to be required throughout much of 
the root. The high levels of ZRP2 mRNA in the stem suggest that it functions here as well. 
The monocot stem is structurally similar to the root in some aspects. For instance, the 
ground tissue of the stem is composed of parenchyma cells as is the cortex and pith of the 
root. In situ analysis has shown that the ZRP2 mRNA accumulates primarily throughout the 
cortex of the maize root (H.-Q. Wang, unpublished data). Further investigation is needed to 
determine the function of the ZRP2 protein in both the root and stem organs. 
RNA gel blot analysis of ZRP2 mRNA reveals large amounts of smaller than full-
length ZRP2-related RNAs. Similar fragments of phytochrome mRNA have been interpreted 
as in vivo mRNA degradation products, possibly, a result of the short half-life of the 
phytochrome mRNA (Seeley, et al 1992). This observation may indicate a short half-life for 
the ZRP2 mRNA. The relatively high rate of transcription of the ZRP2 mRNA may be 
required to maintain a high steady-state level of the ZRP2 mRNA because the mRNA is 
unstable. 
Analysis of the different ZRP2 promoter fragments activity in maize roots reveals that 
1.0 kb of upstream sequence is enough to direct transcription to the root. However, 
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additional upstream sequences increase the strength of the promoter in the root. It is possible 
that the 1.0 kb upstream region confers organ-specificity and that sequences further upstream 
act as long-range enhancer elements. The enhancer effect appears to be root-specific because 
ZRP2 transcription in the leaf is not a function of the length of upstream sequence. 
The puzzling aspect of this research is that the results of the ZRP2 promoter analysis 
do not reflect the results of the in vitro run-on transcription experiments. The in vitro run-on 
transcription experiments showed a much higher level of ZRP2 transcription in the root than 
in the leaf. The leaf material used in each experiment was the same developmental age, and 
the base of the leaves were included in both experiments. I expected to see very littie 
transcriptional activity directed by the ZRP2 promoter fragments in the leaf, but the 
maximum percent of 35S activity of the ZRP2 promoter in the leaf is about the same as in the 
root. It is possible, that the 35S promoter may be stronger in the root than in the leaf, thus, 
the percent of 35S activity of the ZRP2 promoter between the leaf and root may not be 
directly comparable. If the 35S promoter is stronger in the root than in the leaf, it would have 
to be about 50-100 times stronger to make the results of the promoter analysis reflect the 
nuclear run-on experiments. 
It is possible that a cis-element or elements, which would confer ZRP2 root 
preferential transcription, are not present in the ZRP2 promoter fragments that were tested to 
date. Such elements could either be activators that activate transcription to much higher 
levels in the root, or repressors that repress transcription in the leaves, or a combination of 
both activators and repressors. The 3' end of the ZRP2 promoter ended at the putative 
translational start codon (John, 1991), but other in frame methionine codons are downstream 
and may provide the in vivo site of translation initiation (John, 1991). Because we do not 
know for sure where translation of the ZRP2 polypeptide begins, it is possible that the cis-
element(s) responsible for root-preferential transcription may be in the undelineated 5' 
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untranslated region. It is not out of the realm of possibility that coding sequence, intron 
sequences, or 3' untranslated sequence may be required for root-preferential transcription. 
For example, the gene designated AX92 from Brassica napus required regulatory sequences 
5' and 3' of the protein coding region for expression in the root cortex of embryos and 
seedlings (Dietrich et al., 1992). 
Another possible explanation for the high ZRP2 promoter activity in maize leaves 
may be the nature of the particle-bombardment mediated transient-expression assay. In the 
particle-bombarment mediated transient-expression assay many copies of a given promoter 
are bound to a particle and introduced into a cell. The high-copy number of a given promoter 
in a cell is not reflective of the in vivo condition. It may be that in vivo a specific trans-acting 
factor represses ZRP2 transcription in the leaf. If this is the case, the repressor factors may 
be titrated out by the many copies of the promoter delivered into the cell by particle 
bombardment. This may result in excess promoter fragments not bound by a repressor, 
which will be available for transcription by general transcription factors such as RNA 
polymerase n. If we accept that a repressor factor represses ZRP2 transcription in the leaf, 
and that this repressor may be titrated out in our experiments, then our results suggests that a 
leaf repressor is at a lower abundance at the base than in the more mature regions of the leaf 
blade. In the instances where repressors may not be involved in regulating transcription, such 
as in ZRP2 transcription in the root, the titration of specific activators may occur, but the 
results would still reflect what is happening in vivo. Preliminary data suggests that in the root 
and leaf, 1 ng of 35S/GUS DNA per shot is saturating the cell because increasing the amount 
of DNA to 5 |xg per shot did not result in a significant increase in the number of spots. The 
best experiment, which would ascertain if the ZRP2 promoter fragments direct root-
preferential transcription, would be to stably transform maize with the ZRP2 promoter/GUS 
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fusion constructs. With stable transformants, DNA copy number would not be a factor, and 
the tissue localization of GUS activity could be examined. 
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GENERAL SUMMARY 
In PAPER I of this dissertation the characterization of the cDNA clone pZRP4 was 
described. The ZRP4 mRNA accumulated predominately in the endodermis and exodermis 
of the young maize root (Held et al., 1993). Within the root, low levels of ZRP4 mRNA 
accumulated in the meristematic region, higher levels in the regions of cell elongation, 
highest levels in the region of cell maturation, and low levels in the mature regions of the 
root. The ZRP4 mRNA accumulated in shoot organs, but at lower levels than in the young 
maize root The ZRP4 polypeptide sequence has homology to previously cloned O-
methyltransferases from plants. We hypothesized that the ZRP4 polypeptide is involved in 
suberin biosynthesis. This hypothesis appears to be testable if the function of the ZRP4 
polypeptide could be demonstrated in vitro, and/or if mutants with lower levels of ZRP4 
protein would display a phenotype aberrant in suberin qualitative and/or quantitative 
accumulation in the endodermis. Such mutants could be generated by stably transforming 
maize with a construct that would transcribe antisense ZRP4 RNA. 
In PAPER n of this dissertation was described the characterization of the 
transcriptional regulation of ZRP2 mRNA. Nuclear run-on transcription assays indicated that 
the higher level of ZRP2 mRNA in maize roots than in leaves was due, at least in part, to an 
increase in the level of transcription of ZRP2 mRNA in nuclei isolated from roots than in 
nuclei isolated from leaves. A genomic clone was isolated corresponding to the ZRP2 cDNA 
clone, and the approximate ZRP2 mRNA transcription start point was estimated to be twelve 
bases upstream of the ZRP2 cDNA 5' end. Approximately 4.7 kb of ZRP2 upstream 
sequence directed the highest level of transcription in roots. In the leaves, the ZRP2 
upstream region directed transcription primarily to the base of the leaf, but at a level higher 
than the nuclear run-on assays indicated. We concluded that either the proper sequences 
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controlling ZRP2 root-preferential transcription are not present in the constructs we analyzed, 
or that the assay used does not reflect in vivo ZRP2 transcription in the leaf. Future 
experiments using stably transformed maize plants would be the best way to delineate the 
ZRP2 regulatory sequences involved in root-preferential transcription, and would test if the 
transient-expression assays reflect transcription in vivo. It would be useful to know which of 
the putative ZRP2 translation start codons actually is the start of translation. This would 
require sequencing the amino terminus of the 2131P2 polypeptide. Also, the function of the 
ZRP2 polypeptide would be interesting to investigate by generating mutants that have 
reduced levels of the ZRP2 protein. 
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APPENDIX I 
Sequence and Restriction Map of pZRP4 
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AGGAGTGGAGCAAGATTTTCTCCGAAGCTGGATATAGCGATTACAGAATAATACCGGTCT 
1021 + i H—— h 1 + 1080 
TCCTCACCTCGTTCTAAAAGAGGCTTCGACCTATATCGCTAATGTCTTATTATGGCCAGA 
D 
M T Br 
n a c d 
I q c I 
II II 
TAGGTGTTCGGTCTATAATCGAGGTCTATCCATAACCATTTGTGTAAGATGGTTCATATA 
1081 + — — + 1 f- 1 + 1140 
ATCCACAAGCCAGATATTAGCTCCAGATAGGTATTGGTAAACACATTCTACCAAGTATAT 
NS A N 
la C f 1 N S 
auD AAv 1 aN B IRKfA 
I3p Hi I Is a aspac 
lAn uwJ I Ip n lanNi 
III III I II I Vim 
/ // / / / 
TAGTGGCATGGATCGGAGCTTGTGTGGTGTGGACATGTAATCTAAATAAGTGGGTACCCC 




N S P 
s Ba B IH E M 
P F su D s 2g T c a 
B a a3 P a 8i a o e 
I u BA n B 6A q R I 
I I II I I II I V I 
/ 
GCTGTGATGCTGATCTATATCGTGCTCTCTGTCGAGATATCTATTCAGTAAACGTATATT 








1261 + 1276 
GATATACGTTTTTTTT 
Enzymes that do eut : 
Aatll AccI Acil AflIII Agel AluI Alwl AlwNI 
Aval Avail BanI Ban II Bbsl Bbvl Beel Bce83I 
Bcef I Bfai Bpml Bpull02I BsaBI BsaHI BsaJI BsaWI 
BscGI Bsil BsiEI Bsll Bsml BsmAI Bspl286I BspGI 
BspHI BsrI BsrFI BstXI Cac8I CviJI CviRI Ddel 
Dpnl DrdI DrdII Dsal Eael EagI Eco57I EeoRII 
EcoRV Esp3I Faul Fini Fnu4HI Fokl Fspl Gdill 
Hael Haell HaelII Hgal HgiAI Hhal Hinell Hinfl 
HphI Kpnl Maell MaellI MboII Mlyl Mmel Mnll 
Msll Mspl Mwol Ncol NlalII NlalV Nspl NspBII 
PflMI Plel PvuII Rsal Sali Sau96I SauSAI ScrFI 
SfaNI SstI Styl Taql TaqII-1 Taql1-2 Thaï Tsp45I 
TspEI Tthlllll Xcml Xhol 
Enzymes that do not eut : 
Afin Alw44I Apal ApaBI Apol Ascl Asel Avril 
Bael BamHI BcgI BcgI Bcll Bgll BglII BpulOI 
Bsal BsaAI Bsgl Bspl407l BspEI BspMI BsrBI BsrDI 
BssHII Bstll07I BstEII BstYI Bsu36I Clal Dr al Drain 
EamllOBI Earl Ecil EC047III EcoNI EC00109I EeoRI Fsel 
HgiEII HindIII Hpal MluI Mscl Msel Muni Nael 
Narl Ncil Ndel Nhel Notl NruI Nsil NspV 
Pad pfiiioai Pmel Pmll PpuMI PshAI Pspl406I PstI 
Pvul RleAI Rsrll Sac II SapI Seal Sfcl Sfil 
SgrAI Smal SnaBI Spel SphI Srfl Sse8387I Sspl 
StuI SunI SwaI Tfil Tthllll Xbal Xmnl 
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APPENDIX II 
Sequence and Restriction Map of Approximately 1 kb of ZRP2 Upstream Region 
E 
c 
o S H S 
E AON Pa g H a H B ET 
M c D vl lApu i B P AFi Tu D MT IT s DM Acs 
n o d a0avu9 E c 1 lin a3 P la nf asn pop 
1 R e I9IaM6 I c e wnf qA n yq fi Jal ORE 
I V I IIVIII I I I III II I II II III III 
/ // / / // / 
GATATCTGAGGACCCGAGATGGTAATGGGGACTCGATCCTCGATTCTCCACGGAGAATTC 
I 1 1 1 J. [. gQ 
CTATAGACTCCTGGGCTCTACCATTACCCCTGAGCTAGGAGCTAAGAGGTGCCTCTTAAG 
S N 
T B T Aa N 1 
B M s FM B S S vuFl a 
f n P in s c P a9ia I 
a 1 E nl i G E I6nl I 
I I I II 
/ 








P S N 
B1 a T 1 
s2 FMA T F u D s aM 
c8 iwc h a 3 P P Is 
G6 noi a u A n E le 
II III I I I I I II 
/ 
TGCCCGTCCCGCGAACTTCTC1TGATCTAAATTAGTCTATTTCCATGTTAAAACTATACT 
121 H ( + 1 H 180 
ACGGGCAGGGCGCTTGAAGAGAACTAGATTTAATCAGATAAAGGTACAATTTTGATATGA 
T TS C 
A s M A sf V N 
P P s P pa i s 
o E e o EN R i 
I I I I II I I 
AAAAATTTAATACACAGTCTATTATAAAATAGCAAACTAAATTCTAAAGTTGATGCATCT 
181 1- — h 1 H 1 h 240 
TTTTTAAATTATGTGTCAGATAATATTTTATCGTTTGATTTAAGATTTCAACTACGTAGA 
105 
ST T T H 
fs MD A s APs i 
ap sr P P plp n 
NE ea 0 E oeE f 




241 + + + + + + 300 
ACATTAAAATTTAGACCAAACAAGTTCAATATAAGTAAACTATATTATTTAAACTTAAAC 
N 
B H B B T 1 
M M S F iT sD s A s a 
s 1 c i nf as c p P I 
e y G n fi Ja G 0 E I 




I I I I 
ACTCTTAATATCGTATTTTTTCCTAACGGGGACGGATTCTCCACGGGGATAAATTCCATG 
3 0 1  —  —  —  —  —  —  —  —  —  4 .  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  —  ^  —  —  —  —  —  —  —  — —  —  —  —  —  —  —  —  — — —  — — +  360 
TGAGAATTATAGCATAAAAAAGGATTGCCCCTGCCTAAGAGGTGCCCCTATTTAAGGTAC 
S H 
B C a Ca 
X B F s V Bu ve 
c C 0 c i c9 il 
m c k G R c6 JI 
I I I I I II II 
/ 
ATACAGATGGGATGAAAGAAAAATCTCCCGTATGAACTTTTGCAGGAATGGGGATGGGCC 
361 h H h h 1 k" 420 
TATGTCTACCCTACTTTCTTTTTAGAGGGCATACTTGAAAACGTCCTTACCCCTACCCGG 
T B NC B T 
AFs F A F s Iv sX AFMs 
pop a c i c ai ac ponp 
okE u i n G IJ Jm oklE 
III I I I I VI II IIII 
/  / / /  
AGAGAAATTTTCTCCCTGCGGGGACGGGGGAGCCATATCCTCGGTGGAGAATTTCCCATT 
421 1 h H 4 h 480 
TCTCTTTAAAAGAGGGACGCCCCTGCCCCCTCGGTATAGGAGCCACCTCTTAAAGGGTAA 
A N 
C R f 1 
R M V N 1 1 aN 
s s i s e I Is 
a 1 R i A I Ip 
I I I I I I II 
/ 
ATCATCCTTATTTGTGGTACATATATATGCATAATCTTTTTTTTTTGACTGACATGTGGG 





B u DT A u D 
c 3 pa 1 3 P 
c A nq w A n 
I I II I I I 
AAAGTATCCCATCTCAATAGTAGAAAATCTTGGGAACGGTAGGATCGAACACAAAGATCA 
541 + + + + + + 600 
TTTCATAGGGTAGAGTTATCATCTTTTAGAACCCTTGCCATCCTAGCTTGTGTTTCTAGT 
S N 
cc  c  C c  a B HI 
ABavAvHN V M ABv u Ds iaT 
Ifciliph i n Ifi 3 PP nif 
ua8JuJhe J 1 uaJ A nH fli 
IIIIIIII I I III I II III 
/ /// / // 
GCTAGCTTGTAATCACCGAGCCATATAGCTAGAGGGTAATAGATCATGAATCAAATGTTT 
601 H 1 1 1 1 h 660 
CGATCGAACATTAGTGGCTCGGTATATCGATCTCCCATTATCTAGTACTTAGTTTACAAA 
T C T T 
s M V s M s MD 
P s i P s P sr 
E e J E e E ea 
I I I I I I II 
TTTTCATAAATTATTAAGGCTCTAAATTATTTTTAATTTAAAAATAAATAAAAATATAGT 
661 1 1 H + — 1 + 720 
AAAAGTATTTAATAATTCCGAGATTTAATAAAAATTAAATTTTTATTTATTTTTATATCA 
H 
T iT MD 
a nf sr 
q fi ea 
I II II 
/ 
TCGATTCTTACATTTTATAGTGTAAAACTTTAAAGTCTATTATTACCCCTACTTATTGAG 
721 + 1—— 1 1 1 1* 780 
AGCTAAGAATGTAAAATATCACATTTTGAAATTTCAGATAATAATGGGGATGAATAACTC 
H 
D i N 
r SAnT B IRK S 
d acca a asp f 
I Iclq n Ian c 
I IIII I VII I 
/ / 
TTATGGTTCAGTTCTTGTCGACGGAGAGTAATGAGATATAGAATAAGGTACCCTATAGAA 
781 1 1 h H f- f- 840 
AATACCAAGTCAAGAACAGCTGCCTCTCATTACTCTATATCTTATTCCATGGGATATCTT 
107 
H M MBS 
iT aS Rasn 
nf eu seaa 
fi In alAB 
II II IIII 
/ / 
TAAAGAATCTTTCTCTGAAAAGTCTGACGTACGTAAATAAGATATAATAAAAAAAATACA 




o F a 
4 HSB n B q c  
7Hafs B BAu B s I V 
Iheap s sc4 P r I i 
lalNG r liH m D - J 
mil  I III I I 1 I 
/ 
AAGAGAAGCGCTGGACTGGAGATGCTCCTATATGCGGCAATGCCTGTGCTTATAAATAGC 
901 1 h — h — —+ h h 960 
TTCTCTTCGCGACCTGACCTCTACGAGGATATACGCCGTTACGGACACGAATATTTATCG 
N N 
B B 1 BCC 1 
s s M a AE Hcva aNS 
a i n I cc geic Isp 
J E 1 I ii afR8 Iph 
I I I I II IIII 
/  
III 
/ /  
CACCTCGGTCGGCAAGGACATGAACGGCGGACGCAGTGTGCATGC 
961 + + + + 1005 
GTGGAGCCAGCCGTTCCTGTACTTGCCGCCTGCGTCACACGTACG 
Enzymes that do eut: 
AccI Acil AflIII AluI Alwl Apol Aval Avail 
BanI BccI BcefI BfaI Bpml BsaAI BsaJI BscGI 
Bsil BslEI Bsll Bspl286l BspGI BspHI BsrI BsrDI 
CacBI CviJI CviRI Ddel Dpnl Dral DrdII Dsal 
Ecil Eco47III EC00109I EcoRI EcoRV Paul Fini Fnu4HI 
Fokl Haell HaellI Hgal HgiEII Hhal HincII Hinfl 
HphI Kpnl Mae II Mlyl Mnll Msel Msll Mwol 
Nhel NlalII NlalV Nsil Nspl Plel PpuMI RleAI 
Rsal Sali Sau96I Sau3AI SfaNI Sfcl SnaBI SphI 
SunI Taql TaqII-1 Tfil Thaï TspEI Xcml 
108 
Enzymes that do not cut : 
Aatll Aflll Age I Alw44I AlwNI Apal ApaBI AscI 
Asel Avril Bael BamHI Ban 11 Bbsl Bbvl Bee83I 
Bcgl Bcgl Bell Bgll Bglll BpulOI Bpull02I Bsal 
BsaBI BsaHI BsaWI Bsgl BsmI BsmAI Bspl407I BspEI 
BspMI BsrBI BsrFI BssHII Bstll07I BstEII BstXI BstYI 
Bsu36I Clal Drain DrdI Eael EagI EamllOSI Earl 
Eco57I EcoNI EcoRII Esp3I Fsel Fspl Gdill Hael 
HgiAI Hindlll Hpal Maelll MboII Mlul Mme I Msel 
Mspl Muni Nael Narl Neil Neol Ndel Not I 
Nrul NspV NspBII Pad PflllOSI PflMI Pmel Pmll 
PshAI Pspl406I PstI Pvul PvuII RsrII Sac 11 Sap I 
Seal ScrFI Sfil SgrAI Smal Spel Srfl Sse8387I 
Sspl SstI StuI Styl Swal TaqII-2 Tsp45I Tthllll 
Tthlllll Xbal Xhol XmnI 
